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Utility cf an earth-drding space vehicle as 2 reconnaissance device is considered 
here in detail. A satellite (initially placed on its orbit by rocket power) which televises 
ground scenes and weather information to surface receiving stations is investigated. 
Particular attention is given to the television, commuw'catioa, and electrical-power-supply 
problems, since these are the major determining factors in payload utility of a recon- 
naissance satellite. Some important corollary aspects, namely attitude control and etraip- 
ment reliability, are also discussed. 

In oidex to round out the study, performance and weight estimates of the rocket 
vehicle required to carry a television payload are included. 

The general conclusion of the report is that television satellites are feasible and that 
they would be useful if built and operated. Various essential lines of research in tele- 
vision, auxiliary power, and reliability are indicated. 

Two other publicatxxis, ooe 00 weather reconnaissance" 1 and the other on political 
and psychological aspects,"' have been prepared and are being distributed concurrently. 



J PAGE NOT AVAILABLE 



a = diameter of the effective aperture of the camera, in. 
B - scene brightness, ft-L 
C = scene contrast, percent 
C D = drag coefficient 
d ~ satellite's antenna (tramrnttting) dish size, ft 
D = width of viewed airfare area, mi; ground station's antenna (receiving) 

dish size, ft 
E = power supplied to transmitter, watts; incident illumination, ft-c 
/ =; f Dumber of the optical syste m , or (Pfe) rztio of focal length to effective 

aperture 
F =s focal length of TV camera, in. 
g = acceleration of gravity = 32-2 ft/sec* 
b = altitude, mi 
I = information content 
If — moment of inertia of auit^ /* 

t = Bol&maan constant, jQuIcs/°K; threshold signal-to-notse ratio 
L = angle of obliquity between the orbital plane and the earth s ccjuaror, degrees 
M ■■— Math number 

M = control momentum applied W the vehicle 
n — resolution of pickup tube, TV Itaes/in. 
tf — resolution of pickup tube, TV lines/frame 
n = over-all system resolution, TV lines/frame 

IV — frame frequency/sec 

N x = total number of satellite revolutions about the earth 
p s= probability of successful openticG 
P = transmitted power, watts 

P = angular momentum of vehicle with respect to an inerhal reference system 
P c = orbital regression period relative to the sunny side of earth, days 
P t = received power, watts 

P t == orbital regression period relative to celestial space, days 
j = probability of failure 

r ~ distance from the satellite to the center of the earth, mi 
R = transmission range, meters (or mi) 
R t = radius of earth = 4000 mi 
S/N — high-light signal-to-noise ratio 
t = exposure time, sec 
T = satellite duration time, days 

V = velocity, ft/sec 



immism 



= width of pickup tybe phototarget, in. 

= vehicle gross weight, lb 

= coordinate axes 

= elevation angle, degrees; angle of view of satellite TV camera, radians 

= subtended angle by smallest resolvable picture at the center of camera lens, 

min of arc 
= optical scanning angle, degrees (or radians) 
= channel bandwidth, cycles/sec 
= minimum resolvable surface dimension, ft 
= efficiency 
= damping ratio 
= horizon angle, degrees 

= quantum efficiency of the pickup tube; pitch angle, degrees 
= transmission wavelength, on 

= freepjency of radiation; ratio of initial propeliaat weight to initial gross weight 
= albedo, or coefficient of diffuse reflection of a surface 
- roil angle, degrees 
= yaw angle, degrees 
= angular velocity of the vehicle with respect to art inertia! reference sy s t em, 

rad/sec 
= angular velocity of unit, rad/sec 
= angular velocity of earth, rad/sec 
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Moreover, since there is an intimate interdependence between the type of recon- 
naissance desirable and the most fruitful way of obtaining such reconnaissance, some 
simultaneous consideration should be given to the presentation of satellite position 
(orbits), television scanning, and picture quality. This may be found at the conclusion 
of Section II. 

The remaining problems can be classed as attendant ones peculiar to obtaining remote 
television broadcasts from the satellite. In order to scan the surface of the earth with 
the television camera, the vehide must be properly oriented (attitudewise) wife respect 
to the earth's surface. This is covered in Section HI, "Orbital Attihide Measurement 
and Control." 

The television and attitude control equipments require electrical energy that must 
be supplied by an auxiliary powerpianr. A discussion of this powerphat, as '=?eU as 
the estimated power and weight requirements it must meet, is givca in Section IV, 
"Auxiliary Powerplant" 

Section V, ""Reliability of fee Satellite;" includes 2a analysis of the antiopaied 
reliability of the tdevtsioa and acodliuy equipment Ibis is a particularly important 
problem, since the equipment: must operate aatomstioliy for 1 loag period in an 
inaccessible location. 

finally, the characteristics of the *shidc itself necessary Co place the tdevisica psy- 
loid in a given orbit around the earth are presented in Section VI. 

The several appendixes famish correlative data, and ectensloas of the remarks con- 
cerning some of the more salient features resulting from the study of the technical 
feasibility of utility of satellites for r 
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I SATELLITE ORBITS AND GROUND COVERAGE 



This section presents a general discussion of the pertinent facto about orbits which 
an: essential to the uttlity of 2 Satellite as a reconnaissance Vehicle and of the problems 
concerning the establishment of a rocket-vehicle satellite on zq approximately circular 
oblique orbit relative to die earth. Since the primary utility aspect considered is recon- 
raissincc. the effect of omits on scanning (i.e-, viewing) ingles, as wdl as some dis- 
cussion 01 the limitaaoas imposed by optica! and radio transmission requirements, 
an- ireiuded. 

ORBITS GENERALLY 

A satellite is defined as an attendant body revolving about a larger one; a moon 
and 2 nan-nude object revolving about the earth are thus satelJics. The earth itself 
is a satellite of the sun- The shape of a satellite orbit, which can be either circular or 
elliptical, is dependent principally oq the initial a»dfaocs of velocity, position, and 
direction of rnotton, 

A drcular orbit is of course the most desirshce for an artificial satellite. Any marked 
conations or cccentricuy would caase some poiaoa of the flight path to pass through 
more dense atmosphere and thus decrease the endurance of the satellite (for the likely 
range of orbi^l altitudes) . 

In order to remain oa an orbit, the velocity of a satellite must be such that Its cen- 
trifugal force is suifidsat jo ovetcome the earth's grav&ztiuiiil forces upon the satellite 
at the orbital altitude. Initial trajectory control is required to be such that the velocity 
is at last that necessary fcr a drcular orbit* at the design altitude, and the path angle 
is within %°.'"' These limits are attairable with present control equipment. 

HAND'S previous studies were devoted primarily to equatorial orbits, which are still 
of prime interest for preliminary, experimental satellite flights. However, it is obvious 
that 4 reconnaissance satellite must be placed on in oblique orbitt to view targets of 
military interest roost efficiently. 



orbit ■which will cause marked altitude vwauoru, Yriodites greater thia required yield l« 
trtreus, but also undesirable, dliptfal piths. 

tic this report in orbit will be eoigwted bj the degrees of in ingle between it in 
equator. An alternative but cqu&alsst dexiipdca is the maximum latitude to which the oj 
Ut-.genL Thus a 0* orbit h wjastcrid, ■ 90* orfci't ii polir, and « 56* ojfcit is 56* oblique > 



REVIEW OF ORBITAL FEATURES 

Figure 1 illustrates the orbit of a satellite placed on a circular path. Such a path, 
// unperturbed, would maintain a fixed orientation in space (in this case, as in all 
others to be discussed here, the centers of the satellite's path reference frame coincide 
with that of the earth's). Thus the satellite reference frame would move around the sun 
with the earth but would not be affected by the earth's own rotation. Farther, the 
position of the satellite orbit relative to ihz sunny side of the eatds would change with 
the earths seasons.* Figure 2 depicts this relative change of orbital position for a 
hypothetical satellite whose orbit is undisturbed by external influences. 
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fig. \ — Illustration of intersection of Fig. 2 — Apparent rotation of safel- 

satellite's orbital plane and equate- [He's orbital plane with respect to Hie 

rial plane of earth day-night plane on the earth 

ORBITAL REGRESSION AND RESULTANT PEXtODS 

As 'pointed out in Ref. 14, the orbit a affected by the presence of other astro- 
nomical bodies, sucfa as the sun and the moon, and by the shape of the earth. The 
effect of the sun snd the moon on a satellite orbit is nearly identical with their effect 
upon the free-water surfaces of the earth- (tides) and results in approximately a 3-ft 
orbital variation. 

The oblate shape of the earth, however, exerts a much larger influence on the satellite 
rocket. The earth's polar diameter is about 25 mi less than its equatorial diameter. 
Although a polar orbit will have a vertical variation of approximately 1 mi (an orbit 
around the equator will have a negligible variation), this effect of the earth's shape 
is not of- direct concern. The interesting and important effect is a corollary of the polar 

•An exception here is an orbit around the equator where this seasonal change is irrelevant. 



perturbation, namely, a significant regres- 
sion of the nodes* when the satellite orbit 
is oblique. This regression is similar to the 
precession of a gyroscope caused by exter- 
nally applied torques. 

Further, the regression periodt of the 
satellite orbit will vary, depending on the 
orbital altitude and obliquity. After the 
method of Ref. 14, the orbital regression 
periods relative to the sunny side of the 
earth 2nd to celestial space are plotted as 
functions of altitude and orbital angle in 
Fig. 3. For useful reconnaissance orbits, 45° 
to 60° obliquity and 350 to 300 tm altitude, 
the change id period relative to the earth a 
riot great 

For jlluitrathe purposes only, z 56° 
oblique orbit, approximately the Iititnde of 
Moscow, wili be studied i*or most of the 
balmce of this discossioo- Figure 4 depicts 
the nodal regression for a vehicle on such a 
path. It may be seen in this UiustrarioQ that 
the position of the orbit relative to the sunny 
side of the earth changes not with the earth's 
seasons, but much more rapidly; for this par- 
ticular orbit, the period relative to the earth 
is 70 nays rather than a year. 

Under these ceaditioas, the satellite can 
see a given target in the daytime only dur- 
ing alternate 35-day intervals regardless of 
whether the satellite circles the earth once 
a day or a thousand times; Fig. 5 amplifies 
this point. Thus a single satellite cannot 

•Regrewioo of utj oocicx m*y be viitutized a 




t Regression period, u used here, is the tinw required for the intersection line (see footnote 
above) to cuke one complete revolution relative either to the sunny side of the earth or to criesta! 
spice, as applicable (see Fig. 4). 




s record of daytime viewing 
of a particular target, but only during alter- 
nate 35-day periods. If continuous chrono- 
logical daytime coverage is desired for 
longer periods, a minimum of two vehicles 
would be required. Further, if contrast re- 
quirements exdude twilight intervals, then 
tbree satellites operating on 8-hr shifts, with 
paths as shown in Fig. 6, are necessary. 



R 3 . S — Illustration of eff«ct of satel- 
lite's orbital regression on viewing a 

point-farget in daylight 




Kg- 6— Mulh"p!« «at«mt« orbits 



ALTITUDE, VELOCITY, AND DURATION 

So. far, discussion has been centered on the path of the satellite in its orbit. Its 
speed and altitude will now be considered. Figure 7 gives a plot of the required satellite 
velocity as a function of altitude above the earth for a nearly circular orbit Since this 
velocity is independent of the earth's rotation, * satellite launched eastward gains 
bf the component of the earths peripheral speed in that direction. Figure 7 also shows 
the number of satellite revolutions per day as affected by orbital altitude. 

The duration of an orbiting vehicle depends oo the amount of atmosphere tending 
to slow it down. This in turn means that the higher the altitude, the ledger the satellite 
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can stay up. Figure 8, taken from Ref. 3, 

gives anticipated duration as a Sanction of ?S;_^. y ^ on _ Hm *.°_ r "! fo _ to '," u 
altitude. At a 100-mi altitude the vehicle 
will be pulled to earth in less than one revo- 
lution because of die atmospheric drag. At 350 mi the dotation is about 2 years. At 500 
mi the satellite will stay up around JO yeais; at 600 mi, several centuries. From this 
standpoint alone, it is desirable to use as high an altitude as possible. Also, the range 
of unc-of-sight* radio transmission increases with altitude. Counterbalancing these 
factors is the greater size of the satellite required to put a given payload on an orbit 
at higher altitudes (eg., 10 to 20 per cent higher gross weight is required to increase 
altitude from 350 to 500 mi; see Fig. 40, page 77). Another deterrent factor is the 
increased size and weight of camera equipment necessary to scan the earth from higher 
altitudes, which requires higher resolving power for an equivalent picture. Therefore, 
the desirable altitude will represent a compromise between these opposing features but 
will probably lie between 350 and 500 mi. For purposes of consistency, a 350-mi alti- 
tude wiii be used in the remainder of this report, except where altitude is considered 



EFFECT OF ORBITAL ALTITUDE ON GROUND COVERAGE AND 

RELATED PROBLEMS 

At orbital altitudes of 350 to 500 mi, the satellite circles the earth fifteen to fourteen 
times a day (see Fig. 7). The satellite tracks cross the equator at intervals of 24° to 



* Only Ime^f-iight 



an be used because high-frequency waves arc necessary for 

-,_. r :. Also, long radio wavelengths will W adversely affected by the ionosphere; 

ice. reflection by the Heavisidc layer will prevent such wavelengths from reaching the 



25° longitude or, roughly, there tre 1700 mi (measured east-west at the 'equator) be- 
tween tracts for the 330-mi altitude. 

At 56° latitude, for example, this interval is about 800 mi; dot the tangent latitude 
the tracks recross each other several times- Figure 9 indicates the tracks for a satellite 
it an orbital altitude of 330 mi and at an orbital angle of 56°. Also shown is tht 
average daytime coverage during the daylight "season" with * 400-mi optical sail 
to either side of the satellite (800-rai opticd-scanniag band); die light-gresn area shows 
targets covered oner a day; mcdruin green, those covered twice; and dark green, those 
covered three or more rimes. White areas (below the tisgent latitude) are those viewed 
less than once a day; as indicated in the figure, for the assumed satellite orbit, coverage io 
any one day is not complete below 30° N. latitude- 




Rg. 9— Sertrilif* orfafV showing flight-porn tracts on tarth 

r jihe 800-mi optical-scanning band at 350 mi altitude represents approximately a 
94° included scanning angle, i.e^ a 47° scan to either side of the vertical. The included 
angle of the horizon is 135°, but the value of pictures taken beyond 45° on either 
side of vertical is (Questionable. This point is shown schematically in Rg. io, which also 
gives a. plot of horizon angle ts a function of altitude. A discussioa of the effects of 
scanning angle, as well as those of the orbital inclination, upon the minimum resolvable 
surface dimension is presented in Appendix I. 

Proper initial selection of the orbital altitude would enable the satellite to make an 
integral nunber of revolutions for one revolution of the earth relative to the orbital 
plane (not lecessarily per 24-hr day, since the orbital plane regresses"). Integral num- 

• The period for a 350-mi altitude, 36* omit is 24.31 hr, which it tamed a d*y throughout 
the refflaiuder of this ducuuioa. 
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Kg. 10— Horizon angle, 9, as a function of oltltud* 

facts of satellite revolutions every other (24.5-hr) day, every third day, etc, ire also 
possible. Such orbital conditions, however, cannot be made accurately enough with 
present control equipment to a/ford the same trace on the earth's surface day after day. 
Thus i. drift an be expected so that the satellite will come within a few miles of its 
track on the previous day (or the previous alternate day, etc.). The significant fact is 
that by adjusting an orbital period so that it is nearly integral on alternate days, one 
can obtain, the following day, a picture in the center of the camera scan of a target 
which was on the periphery the day before (see Fig. 9), except, of course, near the 
tangent latitude, in which region still greater amounts of overlap are obtained. 

As mentioned earlier, one factor indicating the desirability of a 500-mi altitude is 
the need to receive the satellite's television broadcasts by stations sited either in friendly 
i ships. Figure 11 shows the area of reconnaissance interest which would 
fcred by transmission ranges of 1396 and 1743 mi with 5 stations and 2000 mi 
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with 4 stations (see Fig. 22, page 30, for range as a function f ajtitude and deration 
a. S Ie). Transmission must be '■line-of-sighr because of the required radiation frequen- 
era. It s estimated that the maximum range for acceptable transmission- from a 350-mi 
altitude is about 1400 mi. At this range, 5 stations would be required to pick up Asiatic 
observations, but about 15 per cent of the USSR, a significant portion near 105°E. 
longitude, would be left out Increasing the satellites altitude to 500 mi affords (on 
the same basis) a range of approximately 1750 mi. With this range and the same 5 
stations, the unobserved area is reduced to a small a 




Fig. 1 1 — Astatic observation at two fsdio ranges 



With a 2000-mi range (not shcxn). the unobserved area would be eliminated. How- 
ever by accepting a stroll unobserved area near 95°R longitude, 4 sea-borne stations 
could be employed. At this latter range, the orbital altitude required for emuvalent 
71 Aetrans^issior, exceeds 600 mi (see Kg. 22, page 30); ft may be possible 
to attan, a lOOO-m, range from a 500-mi rJtitude, although some uncertainty andTgnal 
distortion-would occur in the 100- to 250-mi extremity. 
- . lie possibility of eliminating sc-called unobservable areas by using delayed broad- 
casting ^ becomes apparent. It is well to note, however, that the number of frames to 
be filed would cause the transmitting device to be so bulky and complex that this method 
does not appear to warrant further investigation at the present time.. 
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SUMMARY 

To summarize briefly, the orbiting characteristics are critically dependent on the 
altitude; a substantially areolar orbit is most desirable. Although equatorial orbits are 
desirable for test purposes, oblique orbits are accessary for nyaaingful reconnaissance. 
For example, a 350-mi altitude, 56° orbit, in combination with 2Q 87-day regression 
period of the orbital pkae relative to celestial space and to the seasonal motion of the 
earth around the sun, will afford daylight -news of a specific target during alternate 
approximately 35-day intervals (one-half the 70-day regression period relative to the 
earth). Complete target-system coverage, from the eastern to western limits of Russian- 
controlled territory, ■will redtrre the unproductive interval by about one-half. 
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II. RECONNAISSANCE BY TELEVISION 



la the first section, the macroscopic aspects of satellite reconnaissance have been dis- 
cussed, namely, the placement of the vehicle in appropriate orbits for bringing targets 
of mHitaiy significance under scrutiny. The means for viewing and transmitting these 
scenes to ground stations will now be weighed. At the present time, it is felt desirable 
to consider only remote transmission of picture infonnation by high-frequency radio 
wares. Other possible alternatives, such >s using a conventional aerial photographic 
camera and returning die satellite to earth on command, appear to involve difficulties 
that would make early versions of the satellite impractical. 

Two systems, television and photographic facsimile transmission, are available for 
ooosideratioa for photographing and sending on reconnaissance data. The latter system 
eks camera film to record ternporzoij- assse iafdnaarfes?; this film is then scanned 
cixtronkally and the impulses lc£as^i«ri as. is fas siaadard "wirephoto" system. A 
re-usable film must be employ kinase, etosaSi s$3g&lf ¥& ton of camera film 
would be n c[uired per month's ejperajssa.. Sjks «e Jcaa© m && se-tssbie film (or other 
less bulky storage strip) under developaicttf, $te p&esagssphJc. fsssosile system will 
be ruled oitf for the present; future requirements, Sssk as tfcasir far delayed picture 
trarumissioQ, may canse reconsideration of this system. 

The use of televisioa emerges, then, as of prime import in viewing and sending to 
ground stations reconnaissance information for recording and for evaluation. The 
ability of such z. syst e m to ao^irnmodate reconnaissance requisites w3I be considered in 
detail, both, for viewing weather and for observing ground targets. Each of these latter 
types of reconnaissance has its own peculiar needs, which will be discussed first in 

The effect of reconnaissance n^uirements on camera equipment is considered next. 
It will be demonstrated that daytime viewing is possible, but nighttime light levels are 
too low for practical televising. The dis^isaea of daytime viewing is then expanded to 
include specific numbers of the minimum resolvable ground dimensions as functions 
of scene contrast, frame speed, and the number of lines per inch resolution, of the camera. 
A correlation between the ground area to be covered and the frame speed, and the need 
for an optical-scanning system, are determined. The above investigation is of a general 
oature and would apply to any "camera," whether it uses film, is a television tube, or 
is the human eye. 

Logically following the above discussion, the television camera tubes axe ex a m i n ed 
in relation to the foregoing optical parameters. The commerctii Image Grthicoo and 
the Vidicoa tubes are shown to be within the realm of possibility for satellite viewing. 

A discussion is then presented of the television camera system in context with the 
reconnaissance requirements and of the various combinations of characteristics that could 
■be employed to produce a» over-ill optical-scanning system for use in both weather 
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and terrestrial reconnaissance. Also included are actual photographs of a simulated 
ground scene by a commercial Image Orthicon camera. It is shown that even by present 
commercial television standards, useful scene information can be obtained. 

The transmission of the televised scenes, the necessary television mechanisms, the 
effects of signal wavelength, the position of the satellite relative to ground stations, and 
the possibility of enemy interception and jamming are included in the next subsection. 
Following this is an analysis of the reception and presentation of the televised signal 
as would be done by the ground monitoring stations. 

Weight estimates and power requirements for the satellite television casi^ra-trans- 
mitter system arc then prerentmi Sm a more complete analysis of the ion system s 

design considerations, sec A&oendtx JJE. 

RECONNAISSANCE REQUIREMENTS 

To obtain any useful information from altitudes of 350 to 500 mi appears at- the 
outset to be an extremely difficult operation. It is the purpose here to examine the con- 
straints imposed on the television system in conducting reconnaissance of a worthwhile 
nature. Two types of observation will be considered: weather and terrestrial. 

Wwthtr Reconnaissance 

Reference I offers a far more complete analysis of the requirements for weather 
reconnaissance than can be given here. However, in this report it is desirable to discuss 
briefly these requisites- for the purpose of .continuity. Information in Ref. 1 reveals 
that details of cloud structure as small as several hundred feet in dimension may possess 
meteorological significance. For weather observations, resolutions as pcor as 500 to 1000 
ft can be utilized, although a better minimum resolvable dirrwwica would be 200 ft. 
This latter resolution is ample to determine a major portion of &? characteristics neces- 
sary to predict weather. At this resolution, orientation and structure of clouds, direction 
of winds, and presence of fronts can be seen. 

To explore deeply into the problem, the prevailing contrasts of weather scenes must 
be examined. For weather reconnaissance, the contrast is a function of the albedos* of 
various types of clouds and of the background. An albedo of 0,8, commonly given for 
average cloud formations (see Fig. 49, page 94), is used with the albedos of the various 
surface backgrounds to determine the degree of contrast available. Figure 12 shows 
graphically that contrasts of 50 per cent or more are produced by virtually all ground- 
surface background conditions except that of fresh snow; also shown in Fig. 12 is a 
similar graph for smooth sea surfaces "and 'various solar elevations. 

An additional feature of weather reconnaissance is the need to encompass the entire 
area in question with a daily observational coverage. 

At the risk of being premature in describing the television system, a few illustrative 
remarks will be made here. An optical-scanning system viewing a band on the earth's 
surface of 800 mi width and taking frames, or pictures, at the rate of ten per seconr! 

* Albedo is the ntln of the amount of iipht reflected from t perfectly diffuse suffice to the 
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will be assumed. A standard Image Orthfcon television camera with appropriate optics 
at the 10 frame/sec speed and for the pertineat contrasts prevailing in weather scenes 
will resolve a dimension of 200 ft. Therefore the conclusion is that such a system could 
be completely adequate and useful for meteorologicai observational purposes. 

Terrestrial Reconnaissance 

The requirements for viewing targets — of military significance — on the ground are 
now considered. Taking the cue from the above discussion, it Is apparent that * 200-ft 
resolution can be easily attained at prevailing weather contrast levels (which are nearly 
all at contrasts above 20 per -cent) and that a complete daily area coverage can be 
expected with this system. However, that contrasts of less than 20 per cent do exist 
on military targets and that a 200-ft resolution will not be completely adequate will be 
discussed subsequently,! 

Figure 13 depicts contrasts tliat may be expected from various military targets against 
representative backgrounds. Year-round observation from the satellite will yield a number 
of pictures of a given target during the different seasons, possibly with informative 
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Fig, 13 — Contrast vs relative albedos of various ground-t 
results. For example, an asphalt airstrip and its adjacent ground e 
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albedo difference, hence no contrast, during the spring-to-fall period; during early 
winter, however, z thin layer of snow on the adjacent ground cover, but melted or 
removed from the airstrip, may result in contrasts as high as 85 per cent Furthermore, 
continued -observations throughout seasonal ground-cover variations will tend to reduce 
the effectiveness of camouflage. It is readily apparent that the conditions for taking 
such pictures are dependent on the number of dzu days during the period the satellite 
passes over a specified military target. However, if a continuous chronological record 
is broadcast from the satellite for a year, it is reasonable to expect that each target will 
be seen at same time on a clear day. 

The second criterion for terrestrial reconnaissance is, of course, the allowable minimum 
resolvable surface dimension. The ultimate choice flf the figure for this dimension will 
remain with intelligence personnel skilled at interpreting information. The 200-ft reso- 
lution is probably adequate for ferreting out major airfields and for noting the presence 
of large highway Or railroad right-of-ways (even though lateral dimensions may be 
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considerably less than 200 ft). Large factory buildings will be seen, although their 
exact shape may be indeterminable. Square buildings of 200 ft on a side will tend to 
be confused with round fuel-storage tanks of similar size 

A 50-ft resolvable dimension will afford considerable improvement in detailed infor- 
mation. The structure of urban areas can be determined. Large aircraft can be identified, 
as can gun emplacements, revetments, etc. 

Assessment of bomb damage will probably require even better resolving power 
(perhaps as low as 10 ft) and may well be beyond the scope of the satellite system. 

From the above discussion, it is seen that the previously assumed camera and scanning 
System is, On the basis of minimum resolvable surface dimension, useful and adequate 
for pioneer terrestrial reconnaissance: However, such a system Is inadequate for recon- 
naissance concerned with detailed target identification. The ways in which detailed 
reconnaissance can be achieved are discussed later in this section, but it can be stated 
briefly that either a fundamental improvement in the television camera tube or a reduc- 
tion of the observable area on the ground — so that complete coverage is not made every 
day but every 10 days or so — must be nude. 

Summary of Reconnaissance Requirements for the Television System 

It has been shown that minimum resolvable dimensions of SO to 500 ft arc accept- 
able, depending on the type of observations made. Thus the tdevisjon arseta mast be 
capable of resolving dimensions on the ground — or near the ground for wearier — of 
the same order of magnitude- measured in feet as Ho to 1 times that of the optical range 
measured tn miles. This resolving power. 0.001° to 0.01°, implies a small angle cf 
view, as will be demonstrated later. 

Optical scanning over 2 reasonably wide swath on the earth's surface will require 
(in conjunction with the small field of view) a large number of frames irra given time 
interval-^-of the order of 10 to 30 franies/sec 

Contrast levels of 20 per cent or higher will normally be needed. 

Nfghttlme and Color Television 

So far, discussion has been predicated on the conditions that would prevail in taking 
black-and-white pictures in the daytime. For black-and-white shots at night, the same 
scene contrasts would be expected. Bar tbe ovet-dl scene brightness would be 
considerably redrrced. 

The use of television for transmitting scenes viewed by a satellite at night, while 
physically possible (see Appendix II). is considered impractical- A camera system 
sufficiently flexible to accommodate both daytime and nighttime viewing not only would 
be complex, but also would required an f/0.6 optical system, which in turn would 
require a 30-in. aperture for a 20-tn. focal length (as compared with a 2-in. aperture for 
daytime viewing). The total size and weight of such a device as presently conceived 
would be prohibitive. 

Although color television has lower resolution than black-and-white video, the use 
of color television might result in more effective photo interpretation. For example, a 
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black airstrip surrounded by green grass cae readily be identified it coSor even though 
its black-and-white contrast may be scro. It is doubtful, however, that color television 
could counteract camouflage because the TV camera does not see moftr of tie isfrsree 
spectrum than does the human eye. Size, weight, and complexity of such a system do a& 
warrant its further investigation at this timt 

Hence the remainder of the section will be devoted to blari-and-whitc television, 
with viewing done only in daylight 

OPTICAL SYSTEM 

Resolving Power end Contrast 

Resolvable detail in photographs mzdc bj satellite television (or any other type of 
camera) is dependent on brightness, scene contrast, exposure time, and geometrical 
factors. It is also a function of the inherent resolution of the camera itself. A television 
amera is characterized, by the number of television lines per inch (etjual to roughly 
twice the number of optical lines per inch) and this parameter is an index of the 
tubes resolutiofl * 

In Table 12, on page 102. may be found an enumeration of the minimum surface 
dimensions, S, resolvable by day for various contrasts, TV lines per inch camera resolu- 
tion, and frame freauecdes and for the various resnired optical parameters of focal 
length and aperture size. Along with S, the relative power, P, recjuired for picture 
trarisraissioa is also listed. 

A digest of Table 12 is given in Table 1, bdow, which shows what can be accom- 
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It is expected that the Image Orthicon camera tube (see page 20) will give resolu- 
tions of the order of 1000 TV lines/in., which means that with the above optical 
system, a 200-ft minimum resolvable surface dimension can be anticipated for contrasts 

By dunging the camera optics to restrict the Held of view and by increasing frame 
frequency, it may be noted from Tabic 12, page 102, that considerable improvement in 
5 can be wrought. Values as low as S — 40 ft (at 23 per cent contrast) are obtained 
with the same TV tube resolution of 1000 TV lines/in. 

Th» OpKeoI-s tanning Sysfam 

The f/10, 20-in. focal length optical system will view, in a single frame, a ground- 
projected square area of 17.5 mi on a side directly under the satellite. (Figure 15, 
page 22, shows an ecpivalent southwest sector of Los Angeles which would be taken 
by one frame.) A 47° viewing angle will cover a ground-surface width of 800 mi from 
an altitude of 350 mi. Because of the curvature and obliquity of the surface of the 
earth, as shown in fig. 10, page % the ground area seen bf the optical system at 47° 
(the angle measured from the venial) is nearly doubled, the transverse ground dirnen- 
sioa being about 35 mi. Consequently, 39 to 40 frames are needed to view the 800-mi 
band in one transverse sweep. 

During this same &ne, the satellite is moving forward 17.3 mi at a speed of approxi- 
mately 5 mi/see, which allows about 3-5 sec/rranswrse sweep and, for 39 to 40 frame:, 
checks generally with the previously assumed 10 frames/sec 

The motion of the optical scan must be such that the area under observation is 
"stopped" relative to the photocathode, which requires indexbg between successive 
frames in the transverse sweep, and to the fore-and-aft motion to compensate for the 
satellite's forward motion. 

Transverse and longitudinal camera positions relative to the satellite structure are 
shown in fig. 14 as functions of rime per frame. Also shown is a proposed scan n ing 
system. It may be possible to synthesize this complex motion by an appropriately de- 
signed, continuously rotating prism (not shown). 

Satellite attitude control of yaw, pitch, and roll, relative to "stopping" the picture, 
is discussed in Section III. Further discussions of the scanning angle, of the orbital 
inclination, of the.frame frequency, and of the resolvable surface dimensions axe pre- 
sented in Appendixes I and II. 

THE TELEVISION CAMERA 

The task of televising a ground scene from a satellite differs from the ordinary 
video pickup problem in three principle ways: (1) as just indicated, a high-resolution, 
scanning, optical system a required, (2) the equipment must operate over a relatively 

being celled ooe television "line"). Thus one optical line is equivalent, approximately, to two 
television lines. It should be noted that a single index of this type is inadequate to describe fully 
the quality of a camera, and it is assumed in this report that the television cameras have apod 
diirartemties with respect to sensitivity as a function of the various sizes of the objects viewed. 
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Limiting Resolution at Pickup Tube* 

"Die basic elements of modem television camera tubes are (1) a photosensitive 
target, upon which the viewed scene is projected and reproduced is a pattern of static 
electric charges, and (2) an electron beam which scsns the charge pattern on the target, 
reading and erasing it and transforming it Into a tune-varying electrical signal. The 
scanning beam is usually made to cover the iarget in a series of horizontal- lines or in 
two interlaced series of lines, and the beam moves at such speed that the entire picture, 
or frame, is scanned in a small fraction of a second. Present commercial television prac- 
tice employs 525 scanning lines/frames at a rate of 30 frames/sec, and the pickup-tube 
resolution is therefore limited to 525 TV lines/frame (or slightly more than 250 
optical -iines). A more fundamental limitation on the resolution of a pickup tube than 
the number of scanning lines is the finite size of the cross section of the scanning beam 
or the finite size of the elements composing the target, whichever is larger. It is of 
interest to note that the scanning-beam rises in electron microscopes is an order of 
magnitude smaller (ID -1 nun spot size). 

The resolution of the best available prKJtoernissive pickup tubes (Image Orthicons) 
is limited by target stmcture. This tube uses a thie two-sided target, upon one side of 
which the charge pattern representing the scene televised is deposited by secondary 
emission. Fhotoelectrons from the primary cathode, or photocathode, of the tube 
focus upon &c target and impinge upon it under cosditioos which result in a high 
secondary emission ratio; each incident photcdectron ejects several secondary electrons 
from the target face, the charge pattern on the target being correspondingly more intense 
than that on the photocathode. These secondary electrons are collected by z grid-of very 
fine wire mounted dose to Ok target on the photocathode side. The grid effectively 
breaks up the otherwise continuqus target surface into a mosaic of elements of size 
corresponding to its mesh spacing. la commercial Im age Orthicons, the grid contains 
slightly more than 500 mesh spacings/linear in, and the Iuniting resolution is there- 
fore about 500 optical lines/in., or 1000 TV lines, of target surface. Experimental 
Image Orthicons have been nude with finer grid meshes, corresponding to limiting 
resolutions better than 1300 TV lines/to. 

Resolving power of present photocoaductive pickup tubes (Vidicons) is limited bf 
the aoss-sectional size of the scanning beam. The photocoaductive process is inherently 
nxre sensitive than photonnissioa and no preliminary amplification of the target charge 
pattern by secondary emission is required; no cpUectiag grid is involved and the Vidicon. 
target is essentially continuous. The smallest resolvable target dement is therefore deter- 
mined approximately by the half-power width of the scanning beam (at the target). 
In a; recently developed Vidicon, this bcimwidth is about 0.00125 indosive, correspond- 
ing to a limiting tube resolution of about 1600 TV lines to an mcb. However, this does 
not mean that the present Vidians have a higher resolution than do Image Orthicons. 
On the contrary, the present target size of the Vidicon is considerably less than 1 in., 
and the number of TV lines to a frame is less than in the Image Orthicon. Major diffi- 
culty would be experienced in attempting to increase the Vidicon target sires to about 
in inch (as in the Image Orthicon) because of the increasing electrical capadtance of 



the target Nevertheless, this does not preclude the possibility of using several Vidicons 
to replace one Image Orthicon, with the attendant reduction of reliability. 

The possibility of a really significant improvement in the limiting resolution of an 
lmage-Orthicon-type pickup tube is regarded as remote, because of the great difficulties 
inherent in constructing and mounting collecting screens composed of conductors much 
smaller than about one-thousandth of .an inch in diameter. Significant improvement 
seems more likely in the case of photoconduetive tubes, since much narrower scanning 
beams are theoreticaUy possible by improvement of the optical design of the electron 
gun and of the focusing and scanning fields. But a limit will soon be readied at which 
further reduction in beam spot size results in no further improvement in resolution 
and at which resolution will be limited by the finite conductivity of the target. This 
follows from the fact that the thickness and conductivity of the target must be such as 
to allow for dissipation of the charge pattern by conduction through the target in a 
period not much greater than the frame time; if the conductivity is such that it permits 
this desired charge motion, it will also (assuming isotropic target material) allow 
charges to move laterally over the target face so that even an initial point charge will 
be spread over a tirde of diffusion, the diameter of which will ultiraately determine 
the limiting resolution regardless of the spot size of the scanning beam. 

It appears probable therefore thai 1300 TV lioe/in. is a reasonable m aa m u ni value 
for the limiting resolution of pickup tubes for sonic time to come, and that a practical 
value for unattended operation of present tubes in a satellite vehide might well be 
considerably less than this, say about 1000 TV lines/in. 

OPTICAL TECHNIQUES FOE iMPKOVING THE RESOLVABLE 
SURFACE DIMENSION 

Considerable improvement in the minimum resolvable surface dim en sion can be 
accomplished by changing the optical s y stem so that an enlargement of the scene is 
effected. Increasing the camera aperture from 2 in. to 5% in. and the focal length from 
20 in. to 55 in. would yield nearly t 3:1 picture enlargement; and * minim um resolv- 
able dimension of 185 ft would be reduced to 70 ft. An illustration ot the improvement 
in detail may be found by observing the following figures. 

Figure 15 is a high-resolution photograph of * portion of the city of Los Angeles. 
Figures 16", 17, and 18 are pictures of the same area as viewed by a standard ctmunercial 
Image Orthicon television tube. Figure 16 is a duplicate of the area seen in Fig. 15; 
the long dimensioQ represents 17% mi, or that distance on the earth's surface contained 
in a single frame of the oanrinuous-CDverage satellite television system (SOO-mi scanning 
width). It should be- noted that objects of approximatdy 200-ft dimensions are dis- 
cernible, but a tank farm having 100-ft-diameter tanks appears as a blur. 

Figure 17 shows part of the same area enlarged three times (5:1) before it passes 
through the video system. Here the 100-ft tanks may readily be recognized. The long 
dimension of this picture (6 mi) represents the area viewed by a satellite having an 
80-mi scanning-band width and is thus indicative of the detail resolvable with the 
55-in. focal length lens. 
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Figure 18 shows an 8:1 enlargement of a portion of the original scene (Fig. 15). 
All three pictures were made at the KNBH studio of NBC with the assistance of NBC 
and RCA personnel. Figure 19 depicts the television camera and the "subject" (Fig. 
15), a highly accurate photographic mosaic of Los Angeles prepared by Fairchild Aerial 
Surveys, Inc. In Fig. 20 arc shown the monitoring scopes and the photographic camera 
recording the pictures on the scope. 

These examples are an indication of what can be seen by the assumed satellite tele- 
vision system on a clear, sunlit day. 

Of course, as noted previously, scene enlargement can be accomplished only at a 
sacrifice of scanning bandwidth (keeping the same frame speed limitation). This de- 
crease in scanning width is proportional to the square of the enlargement, so the 
scanned width with the 5&-in. lens would be about 80 mi instead of 800 mi. 

It is believed that a 70-ft minimum resolvable surface dimension would result in a 
considerable improvement in detail target identification. Large aircraft could be dis- 
cerned on an a^field, as could revetments, etc. 

To incorporate such an optical system in the satellite requires a little thought. An 
over-all, day-to-day look at USSR and its environs is highly desirable from a weather 
standpoint, and this can be done only with the 800-mi scanning width (i.e^ the 20-in. 
focal length lens). The possibility of using two separate lens and scanning systems 
becomes immediately apparent. The second (516-in. aperture, 55-in. focal length) 
system could be added with little increase in weight and perver requirements arid with 
small decrease in reliability of the over-all system. Thus, effectively, a lens turret would 
result so that either the 800-rhi or the 80-mi system could be cut in on receipt of an 
appropriate switching signal, from the ground monitoring station. 

Use of this more flexible television device requires modification of the way in 
which reconnaissance would be conducted. 

Consider first the selection of a proper orbit for the vehicle. If the satellite Is placed 
at 425 mi altitude, the satellite will nearly retrace its path over the earth's surface every 
other day; this is a desirable condition for the 800-mi scanning system (as pointed out 
in the discussion on orbits in Section I). If the satellite followed such a trace exactly, 
then a 320-mi gap would exist between the scanning traces when using the 80-mi lens 
system. In other words, only targets in 80-mi strips, 400 mi apart, could be seen with 
the higher-resolution system. 

Fortunately, except for a queer quirk of fate, the above exact satellite trace (the 
number of satellite revolutions integral with two revolutions of the earth with respect 
to the satellite's orbital plane) could not be attained with present control equipment in 
placing the satellite in its orbit. A drift, depending on the error in attaining the appro- 
priate altitude and zero orbit eccentricity, would mean that other targets would eventu- 
ally be scanned by the 80-mi system. To ensure a greater drift, it is probable that 
planning to place the satellite at cither 400 mi or 430 mi altitude would result in a 
suitable variation in earth traces. The choice of one of these altitudes over the other 
would, of course, depend on other factors mentioned at various places in the report 
i range, vehicle size, etc.)- 
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Thus, should the 80-mi system be turned on continuously, eventually (probably 
within 2 month) all important targets in Russia could be seen at the 70-ft resolution level. 
To recapitulate, two optical-scanning systems are now considered, one having an 
800-mi width and the other an "80-mi width. The 800-mi system could be turned on 
until all targets were covered on the 185-ft resolution level. Subsequent operation would 
then be either with the 185-ft resolution or the 70-ft resolution system, depending on 
the choice between weather and targets. There need not be any conflict in this latter 
decision. Weather observations require considerable clouds (otherwise the weather is 
fairly well established — fair). Clouds would obscure the targets. On the days that 
there are no clouds, the targets can be seen and weather observations are meaningless. 
Switching on the 80-mi scanning system when the satellite is approaching targets of 
interest on clear days will eventually result in more or less complete coverage of these 
pertinent targets owing to the random nature of weather. 

Should it be desirable to increase further the scene enlargement, this can be done. 
Figure 18 illustrates the benefit of an 8:1 enlarging lens. Each frame viewed at this 
enlargement would represent less than 2 mi on a side, and problems in synchronizing 
a scanning system to obtain pictures of l useful target are considerable. It is felt that 
z more fruitful line of endeavor would be directed along the lines of improving the 
inherent resolution of the television camera tube, or toward another alternative dis- 
cussed in the following paragraph. 

It is pertinent to note that keeping the scanning width constant, but increasing the 
frame speed from 10 to 30 frames/sec. results in an improvement of resolution at the 
expense of z more complex optical-scanning system and * large focal length omen. 
The improvement is significant in both the 800-mi and the 80-mi scanning systems. 
In the 800-mi system, the minimum resolvable surface dimension is reduced from 185 ft 
to 105 ft; in the 80-mi system^ from 70 ft to 40 fr- 
it is not presently known how much time is required to place an entirely different 
charge distribution on the target of the TV tube. The frame frequency of 30 frames/sec 
is the same as that used in commercial television. However, in commttcid television the 
charge distribution, It, the picture, drifts slowly (in comparison to the frame speed) 
across the tube target as objects in the viewed scene are moved. In the satellite's television 
system, z completely different picture, and thus charge distribution, is experienced with 
each frame. Thus a frame speed of as high as 30/sec will have to be investigated 
further, although a lO/sec frequencr is believed to be acceptable to the television tube. 
In fact, the Columbia Broadcasting System's sequential color system places a completely 
different picture on the tube target at the rate of 144/sec, which would imply that the 
analysis presented is nctably conservative. 

TRANSMISSION OF THE TELEVISION PICTURES 

On the basis that tie satellite's television camera system an collect valuable infor- 
mation, it is necessary to transmit the pictures from the satellite to surface receiving 
stations and .to record and portray the pictures in useful form. The range at which 
■ satellite signals can be received by ground stations will be discussed first, since this 
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range affects the disposition of the stations and ultimately determines the completeness 
of coverage of enemy, territory by direct broadcast to receiving points in friendly terri- 
toty. Possible locations of receiving stations was discussed in Section I. 

Next, consideration will be given to the tracking system and to the effects of switch- 
ing the television broadcast reception from one station to the succeeding one. The 
following subsection is devoted to the antenna gain and to the power required, since 
these are intimately related to the system employed to track the satellite. Logically 
following this there is a discussion of the proper choice of wavelength. Finally, the 
possibilities of interception and jamming of the television signal will be considered. 

Before continuing further, however, it is felt desirable at this point to outline the 
over-all television system. Figure 21 is a block diagram of the proposed system. Com- 
ponent parts will.be (and have been) described as they appear in the discussion. 




fig, 21 — Slock diagram of TV trammhsion and antinna-traclcing lystcrm 
Rang* of Tranimisiion 

There are quite good reasons for not attempting to track or communicate with the 
satellite from surface stations when its angular elevation above the horizon is less than 
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5°. n< " Consequently, this value of the elevation angle his been considered as determining 
the maximum range over which completely acceptable television transmission should be 
required. Because of geographic limitations, however, it may be both desirable and 
necessary to transmit at ranges greater than those indicated by the 5° limitation. An 
immediately apparent expedient is to consider the use of some portion of the additional 
range potentially available by transmitting and receiving when the scellite is at an 
ingular elevation of less than 5°. figure 22 shows maximum radio ranges as functions 
of altitude at angular elev2tious of 0°. 2°, and 5°. 
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Reliable transmission of radio waves several centimeters long can be expected at a 
5°-dcvation angle; at angles of 1° or 2°, some dispersion will be prevalent. '"" The 
principal effect will be loss in resolution, but even this may be desirable in place of 
no picture at all. 

The Tracking System 

It is evident that if power requirements are considered, it is necessary for the tele- 
vision transmitter to have a directional antenna which can be oriented toward the 
receiving station. On the basis of orbital computations, a receiving station will know 
the approximate location of die satellite at any given time. 

A station with an appropriately sized receiving antenna will be able to track a 350-mi- 
airitude satellite for about 3000 mi. The vehicle traverses the distance in approximately 
II mia at an average angular tracking rate of I5°/min (the rate is faster at the zenith, 
being of the order of 34°/min, or 0.6° /sec). This implies that the tracking system 
must be carefully keyed in with the satellite's system and, further (within the limits 
of reasonable satellite power consumption), that the ground station's antenna should be 
as small as possible. The diameters of the satellites antenna and of the ground station's 
receiving antenna are assumed to be 1 ft and 16 ft, respectively. Thus the size of the 
ground station's antenna would be small enough to be ar>m*ble to reasonable engi- 
neering in mounting, etc 

It is proposed that, for reasons of stability as well as of reliability, the satellite's 
television camera and transmitter system be turned on, warmed up. and adjusted at the 
start of the flight, and that it be left on continuously thereafter. The sardlrts will there- 
fore always be ready to televise on demand of the appropriate ground station. 

Of the many possible methods by which antenna-tracking could be accomplished, 
the optimum would be that which rrunimizes the complexity, weight, and power 
requirements of the space-borne equipment. On this basis, the most attractive system 
yet considered is one in which a tracking receiver in the satellite operates on the 
continuous-wave signal of z ground beacon to direct the satellite antenna toward the 
ground station, and — once the space-borne tracking is accomplished — the ground station's 
receiving anter.na is directed to follow the satellite by means of an auxiliary tracking 
receiver operating on the television signal. The space-bome tracker would operate oo 
a microwave frequency different from and considerably lower than that used for tele- 
vision transmission, but would work through the satellite's televiaoa transmitting 
antenna. The ground beacon would work into a directional antenna separate from that 
used for television reception, but would be slaved to the latter so as to follow the 
satellite when (he ground tracker takes over. The general nature of the operations of 
the tracking system is described in the following paragraphs. 

The 1-ft-diameter satellite antenna is mounted in gimbals in such a manner that it is 
free to rotate about a vertical axis and so mat the antenna axis an assume any angle 
with the downward vertical up to a maximum of about 60° (the direction of a ray 
from the satellite in a 330-mi orbit to a ground station at which it subtends to a mini- 
mum angle of 11°; see Fig. 23). The dish-shaped antenna is provided with two feeds: 
one is fixed on the axis for television transmission at about 10,000 Mc; and the other 
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Fig. 23— Schematic diagram of satellite-rracicmg transmission angles 
is offset from the axis and nutates about the axis so that a conical scan is provided for 
the trading receiver at some suitable lower frequency, say 3000 Mc In the search 
phase, the axis of the dish is maintained at 60° from the downward vertical, the antenna 
assembly rotates about the vertical axis at a rate of the order of 3 rps, and the nutating 
feed simultaneously executes a conical scan at a. rate of the order of 30 rps. When the 
ground station appears above the horizon with respect to the satellite, the signals from 
the ground station's beacon will be received by the conically scanning tracking receiver, 
which will then operate to disengage the slow search rotatJoa and to maintain the 
antenna axis in the direction of the beacon, using the conventional servo technique. 
When the satellite reaches the opposite side of its transit with respect to the ground 
station, the ground beacon shuts off and tsie tracker oases to operate. The satellite's 
antenna Is then rotated about its axis once si the same angle with the vertical as was 
used in bansmitting to the last receiving station. If the next station tracker is not en- 
gaged, then the antenna is returned to the primary angle of 60° by stages (prob- 
ably two revolutions). 

This procedure is illustrated in Fig. 24. In the extreme case (provided the next 
station is not over the horizon), a loss of less than 1 sec in reception may be antici- 
pated. Usually this interval will be about & sec and will not cause difficulty in con- 
tinuity of picture-area coverage since successive disengagements from one station to 
the next (on alternate days, for example) can be made at different points in the orbit 
The 300O-Mc tracking frequency was chosen, since an included angle (&$') of 27V4° 
will Ulurainatc the satellite from a wide .range of succeeding ground stations. 

Because of the high, and continuously varying, radial velocity of the satellite with 
respect to the ground station, the 3000-Mc signal of the ground beacon may suffer a 
Doppler shift of as much as ±150 kc when it is received at the satellite. The satellite's 
tracking receiver must therefore have an effective bandwidth in excess of 300 kc if 
the complexities of automatic-frequency search-and<ontrol circuitry are to be avoided. 
This wide bandwidth implies that a directional beacon antenna of rather high gain 
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will be necessary if the beacon output power is to be reasonable. Fortunately, it is 
ejected that the establishment of the orbit of the satellite can be made sufficiently 
precise so that the azimuth angle at which the satellite will appear above the horizon 
with respect to a given ground station, on a given orbital revolution, may be predicted 
to within one or two degrees. Hence a beacon antenna having a power gain of about 
1000 will yield 2 broad enough beam to illuminate the satellite when it appears above 
the horizon. 

The design of the ground station's trad is virtually unrestricted by considerations 
of circuit complexity and power consumption and could take any of seven! forms. 
It could, for example, include a toaically scanning tracking receiver similar to that 
used in the satellite. Such a. tracker could use the television transmitter in the satellite 
as a beacon. The ground station's 16-ft-diameter receiving antenna would have a single 
feed connected through a power divider to two receivers: one of about 3-Mc bandwidth 
for television reception and the other of about 400-kc bandwidth for tricking. Both 
receivers would operate on a television frequency of 10,000 Mc The feed would be 
offset from the dish so that a conical scan at a rate of the order of 30 cps would be 
provided. The search phase would consist in aiming the axis of the dish in the direction 
of the. satellite's scheduled appearance and in oscillating the conically scanning feed 
back and forth through the axis of the dish in such a manner that the axis of the scan 
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would describe an arc, parallel to and above the horizon, centered on the direction of 
the satellite. This oscillatory search scan would occur at a rate much slower than (he 
conical scan, say of the order of 3 cps. Wfeen the satellite appears, the satellite's trader 
first will contact the ground station's beacon, thus aligning the satellite's transmitting 
antenna with the ground station. The oscillatory search motion of the ground station 
would then be stopped and, with the axis of the conical son fixed with respect to the 
antenna's axis, the entire antenna assembly would be driven by the usual servo system 
to follow the satellite. 

Antenna Gain and Power Required 

Appendix II develops the relation of antenna sizes (J for the satellite and D for 
the ground station), transmitted power. P, transmission wavelength. A, and all the 
other factors constraining the signal transmission (signal-to-noise rario, range, etc;). 
If these latter factors are considered as constant, K, then the following relation may 
be stated: 
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where P is in watts, A is in centimeters, and d and D are in feet. 

The power supplied to &t transmitter, E, is not directly proportional to the output 
power, P; although it is desirable to reduce £ to an absolute minimum, not much can 
be gained by reducing P below 4 watts. Using 4.4 watts for P and an assumed wave- 
length of 3 cm f> = 10,000 Mc) yields tPD* - 256. Choosing d - 1 ft yields D - 16 
ft. These figures are purely arbitrary; they are based on engineering judgment and 
may he considerably different from those used in the ultimate system. Wavelength, A, 
Is discussed later. 

It is assumed in the above formula that, the two antennas are highly directional, with 
half-power beamwidths of 0.80 s and 15° for the ground and the satellite antennas, 
respectively. Should less directional antennas be employed, considerably greater trans- 
mitter power would be required. 

Since the antenna beamwidths are small computed with the total of the solid angles 
over which communication will be required, means must be provided for aligning the 
axes of the two antennas shortly after the satellite appears above the horizon at a given 
ground station and for rnaintamhig that llignrnent as the satellite passes by in its orbit. 
This has been described previously. 

Choice of Transmission Wavelength 

While the optimum frequency for television transmission between the satellite and 
the surface receiving stations will undoubtedly He in the centimeter -wavelength band, 
its precise value will be determined is i compromise of many factors. One prime con- 
sideration, however, is that of mirurnizing the required power output of the satellite 
transmitter, which, other things being equal, may be accomplished by maximizing the 
product of the satellite's transmitting antenna gain and the transmission efficiency of 
the circuit. A steerable aperture antenna (such as a conventional paraboloid) is reouircd 
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j from a Satellite in an oblique orbit, and its gain, for a given aperture 
area, will be inversely proportional to the Square of the transmission wavelength, so 
that, from this point of view, the frequency should be as high as possible. The trans- 
mission efficiency at very high frequencies wall be largely determined by atmospheric 
absorption (water vapor and oxygen) and by losses caused by scattering due to con- 
densed doud and rain droplets, the total atmospheric losses increasing rapidly with the 
decrease in wavelength in the high microwave region. (See, for example. Fig. 50, 
page 109. The optimum wavelength will depend on the maximum antenna size, on the 
minimum satellite elevation angle at which transmission is required, and on the least 
favorable ffleteorologial condition, which is likely to be encountered at the ground 
station. For example, with a I-ft-diameter transmitting antenna on the satellite, the 
optimum frequency for transmission it a minimum elevation angle of 5° to a ground 
station located in a region in which moderate rain is falling at the rate of 15 mm/hr 
may be shown to be about 15,000 Mc (2-an wavelength); the optimum wavelength 
for transmission under the same conditions, but through a tropical downpour, would 
be about 5000 Mc (6"-cm wavelength). Many other considerations enter into the choice 
of frequency, among which are system losses, groucd-receiving, antenna-tracking accu- 
racy, efficiency and reliability of transmitting tubes, etc, the ultimate optimum probably 
being greater than 5000 Mc and less than 15,000 Mc (10,000 Mc his, of course, 
been employed in this study). 

Tnrismissioo of the picture from the satellite to a surface receiving: station, as well 
as the method of presentation or assembly of individual scenes into a meaningful whole, 
presents problems regarding deterioration of tbe clarity of the televised picture, which 
are discussed more fully in subsequent parts of this section. Trans m ission should be done 
with a large enough frequency bandwidth so that this part of the ovcr'all system is 
equivalent to a considerably higher resolution than that component limiting the resolv- 
ing power, namely, the TV tube. 

Enemy interception and Jamming 

Defection and Tracking fay Radar. The rnicrowave-radar cross section of the satellite 
rs estimated as averaging less than about 1 ra*» Detection of so small a target in rapid 
motion and at slant ranges, which vary from a maximum of about 1700 mi on the 
horizon to a minimum of 350 mi at the zenith, can be shown to be well beyond the 
capabilities of the most powerful American radars, either now existent, under develop- 
ment, or being proposed. 

It is conceivable that the satellite might be detected and tracked by a radar designed 
expressly for the purpose, one that employs narrow-band techniques at low vhf 
frequencies at which relatively high average power is available and at which tie satellite 
might behave as a resonant scarterer of a much higher radar cross section. But the 
frequencies in question (20 to 40 Mc) are subject to severe ionospheric attenuation 
end refraction effects. The antenna of such a radar would be enormous, with an aper- 
ture area measured in thousands of square meters. The difficulties involved in searching 
- for and following a rapidly moving object with such equipment are obvious. Further, 
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even if the system could be made to work, its accuracy and information rate would 
■ probably be too low to be useful. 

Detection and Tracking by Pensive TachniquM. The power density of the tele- 
vision signal transmitted from the satellite will be from Iff - " to 10" 1 * watts/m* at 
points on the earth's surface illuminated by the main beam of the satellite's transmitting 
antenna and will be of the order of 10*" to 10"" watts/m 1 at surface points out- 
side the beam. 

There is little doubt that an enemy equipped with suitable interceptor receivers 
cotfltt detect and trade the satellite by means of its television signal and from a site 
sufficiently close to a friendly ground station's receiving station (within about 40 to 
200 mi) to be illuminated by the main beam of the satellite's transmitting antenna. The 
equipment required would be relatively conventional, based on any of a variety of 
direction-finders and passive- radar techniques. The tracking would be in direction only, 
with crude range information supplied by triangularion from the data obtained at two 
or more sites. As a primary difficulty would lie in the first acquisition of the satellite's 
signal, the enemy, unaided by intelligence information, would have to search through 
a wide band of frequencies and i solid angle of nearly 2x for a. source of radiation 
which would be above the horizon at * given sift for a period of only a few minutes 

Dejection of the satellite's signal by the enemy from sites not Ruminated by the 
main beam from the satellite would be very difficult While it could be done, so doing 
would require the use of ninow-bind search receivers worked Into very luge in- 
terims. The probability of malring an interception under these conditions would-be of 
the order of 1000 fames less than the already low value applied to the more favorable 
case previously discussed. 

Interception of the Satellite's Transmission (Monitoring). Television trans mi ssion 
from satellite to surface would require high-gain tracking antennas at both ends of the 
circuit The enemy could receive the message from the satellite only if he had com- 
parable tracking equipment* and then only if fee managed to acquire the satellites 
tracker before a friendly receiving station did. Successful interception would require 
that the enemy know almost every detail of the system and its operation. 

Interference end Oth«r Countermeenur**. The television link can be relatively 
easily jammed by an enemy who knows the approximate locations of the ground receiv- . 
ing station and the frequency of rjsujjmissj'oa and who is able to get a jammer within 
Itne-of-sight range of a ground station. Even though the ground station's receiving 
antenna is highly directional (peak gain probably in. excess of 20,000) and tracks the 
satellite, so that the jamming signal will be discriminated against by a factor ranging 
from a minimum of 1000 (for 30 db peak-side lobes) to an average of more than 
20,000, the jammer can take tremendous advantage of the pulse transmissioo. For ex- 
ample, an air-bome pulse jammer of 10- to 100-fcw peak output worked into an antenna 

•It would not be necessary for the enemy ictuiKy to recerre the sign*! so long « he ins *ble 
to acquire tfte satellite's antenna by sending in ihe 300-Mc tracking signal. However, this type of 
(in effect, jamming) could be overcome by requiring * pulsed tracking signii, similar 
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of modest gain (100 to 10) carried by an aircraft at 20,000 ft to within -200 mi of the 
receiving station could prevent reception of a usable picture. Such jammer powers (peak 
pulse, at a duty cycle of about 1 per cent) and antenna sizes are comparable with, or 
modest compared with, those of ordinary air-borne radars, and spot-frequency jamming 
is therefore quite feasible. 

If the enemy can be denied access to within line-of-sight range of the ground stations, 
the television system will be relatively invulnerable to interference by the enemy. 
Countermeasures applied at the satellite-end of the circuit presume possession by the 
enemy of adequate search and tracking facilities (the difficulties of which were previ- 
ously discussed) and can be directed only against the satellite's tracking receiver. 

RECEPTION AND PRESENTATION OF THE TELEVISION 5IGNAL 

A description has already been given of the ground station's receiving antenna and 
tracking system. Consideration is now devoted to the assimilation of the TV pictures 
after they have arrived at ground level. 

Concurrently to read and interpret information on a single television screen at the 
rate of 10 completely different frames per second is obviously impossible. Furthermore, 
each ground station receives only a piece of the target system under scrutiny. Thus it 
appears necessary to record the transmitted data with ss little loss in resolution as pos- 
sible and to forward it to a central evaluation center. 

At a first glance, it would seem that a prodigious amount of film would be required 
to record all the pertinent television frames transmitted. However, analyse reveals that 
2.9 .far/day, at most, are spent over USSR and her satellites, China included (sec Fig. 
25). At 10 frames/sec, 2.9 nr are equivalent to 1.0 X 10 s frames/day. It has been 
shown previously" that one satellite will observe a given area only on alternate 35-day 
periods in daylight Thus, for the first 35 days" operation, 3.5 X 10* frames would be 
recorded. This is 265,000 ft of 35 mm camera film, or about thai used in filming 
several feature-length movies. 

It is believed that during the first 30 to 40 days' operation a fairly comprehensive 
picture of the USSR would be obtained, and subsequent operations would be concentrated 
oo specific target systems or areas, perhaps with the narrow-scanning-width lens system 
previously described. 

The equipment required at any forward receiving station is not complex. The 
receiving antenna has already been discussed. An ordinary television receiver will prob- 
ably suffice for monitoring purposes (to see if the picture quality is satisfactory). lb 
viewing scope, however, must have t high-persistence screen which will project about 
one frame out of a hundred. 

For recording, a second television receiver is needed. Its scope must be as large as 
possible and its electric beam spot sue must be reduced to a minimum; m short, the 
whole set must be tailored to the criterion of putting the image on the screen with as 
little loss in resolution as possible. 

m™."°i ■■• 




Fig. 25 — Segments of satellite's traces used in viewing targets of military interest 

The image will then be reduced by camera optics to the appropriate film size; 35 mm . 
may be adequate, but if 2 significant amount of detail is lost, then 70 mm on be 
employed, The film does not have to be very "fast," but should be of a fine-grain variety.* 
The camera will be similar to a movie camera but will operate at about one-half 
the .frequency. 

Each forward station will be furnished with a time schedule for operating the 
cameras computed on the basis of the satellite's orbit Such a schedule will vary from 
day to day, as mentioned in the discussion on orbits. Some sort of tune coding will be 
included with each frame; a feed-back from the tracking-antenna control will also 
be fed into this coding, but this is only a crude location device to show up any gross 
errors in evaluation. . 
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The central evaluation 
stations and assemble the story into 
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lo aid in interpretation of results. In such a device, the frames are projected in a mosaic 
form and compose as the scenes appear on the earth. Also projected could be a 
master overlay made up of geographical coordinates and, latex, after a number of f ilms 
are taken, of that area of the ground already filmed. The over-all area can be enlarged 
to any extent necessary for rapid determination of the worth of the films being evalu- 
ated. For instance, if z large area is covered by douds, then just those frames having 
glimpses of the ground could be separated for subsequent addition to the master 
mosaic of the USSR. 

The cloud pictures would be placed on a larger-scaled photomap so that daily weather 
maps could be made and preserved. 

The entire presentation system should be simple, rapid, reliable, and amenable to 
standard evaluation techniques. 



To summarize, a 350-mi alftude satellite, having an f/10, 2-in. aperture, 20-in. 
fecal length, Image Oithicon TV camera of 1000 TV lines/in. with a speed of 10 
frames/sec, would be capable of resolving scenes of contrast greater than 20 per cent 
to about 200 ft. Transmitting and receiving antennas for the described s y ste m will 
require careful analysis and design, but their accomplishment does not present any serious 
research problems. Presentation of the viewed scenes by photographic and phoCogram- 
metric methods appears within the limits of known, practiced techniques. 

Such 2 system, employing presently available equipment, is considered satisfactory 
for both weather and piorucr terrestrial reconnaissancei However, in order to obtain 
acceptably detailed target evaluation or bomb-damage assessment, the minimum resolv- 
able surface dimension will have to be improved; several possible methods are suggested. 

For example, by keeping the frame speed constant but optically reducing the field 
of view and thereby reducing the scanned bandwidth on the ground, acceptable values 
for most terrestrial reconnaissance can be attained with present television tubes. This 
results in not having a daily coverage of the entire target area. 

Other means of improvement of the resolvable surface dimensions are an increase 
in the inherent tube resolution (an increase of about 50 per cent is visualized at this 
time) and an increase in the frame frequency to 30/sec (about 45 per cent improvement 
of resolvable surface dimension). 

The estimated over-all power, weight, and space requirements of the electronic trans- 
mitting system, are 350 watts, 300 lb, and 2.25 ft', respectively. A breakdown of the 
weight and power data is given In Tabic 2, page 46; the components are discussed 



further in Appendix II. 
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III. ORBITAL ATTITUDE MEASUREMENT AND CONTROL 

The discussion is this section will be confined almost entirely to the problems con- 
cerned with the measurement' and control of the vehicle's position orientation relative 
to its flight path and to the earth after the satellite is established in its orbit. However, 
for the purpose of completeness and continuity, the take-off trajectory to the orbital alti- 
tude and the vehicle's guidance and control during this phase will be mentioned briefly. 

PtEOKBITAl ASCENT 

Tbe complete preorbital trajectory for a lOOO-ib-payload, 350-mi-orbital-altitude, 
two-stage, satellite vehicle consists of about 2 min of booster-powered ascent, then 
approximately Dh min of the second stage of powered ascent, followed by a 20-min 
coasting period to the orbital altitude, at which point power is applied momentarily to 
provide a final boost, or "kick," into the proper orbit 

It is expected that trajectory (preorbital) guidance and control of the satellite will be 
substantially similar to that used for long-range guided missiles, with the obvious 
exespijoa of positioning the vehicle in the orbit 

The two most critical points in the trajectory are at the end of the coasting before 
Eh* fisal fcocst ic£o the orbit and at the end of this boost before the orbital-attitude- 
osatrol systeei starts working. At the end of the coasting period, the angle of attack 
of fee veHck sbfiald be less than 2° in order that the final thrust will put the 
satellite os Ss orbit within the required accuracy of ±W from the horizontal. 
A? ife* hs%gs pciat, die condition of 2ero angular velocity around all three axes 
' is wadi more important than any reasonable angular attitude error. Four small control 
motors arc ussd during this portion of the ascent; as their force is tapered off, control 
becomes increasingly fine until the virtually simultaneous shutoff of the rocket-powered 
booster control aed inception of the orbital attitude control It is thought that such a 
vernier-type control will be adequate not only to establish the satellite in its orbit as a 
point mass, but also to orient the vehicle itself relative to both the earth and the orbit. 

The guidance system used during the trajectory— essentially that developed for the 
V-2 and described in Ref. 7 — is unchanged, and it appears even more promising as the 
accuracy attainable by accelerometers and free gyros improves. In the case of free gyros, 
a drift of 0.l°/hr seems to be presently possible, whereas the required accuracy at the 
moment of orbital boost is 0.83° in 20 rnin. (J> 

The required accuracy of the acceierometers is more nearly marginal. The allowable 
error in velocity is 66 ft/sec;" 1 by assuming that this is the result of a purely percent- 
age error in the accelerometer output (i.e., no zero point error), it can be shown that 
the fraction of the indicated reading by which the accelerometer is in errur is, for this 
case, equal to 0.0028; further, the allowable 2ero point srrar, assuming no percentage 
error, is 0.0017;. Inasmuch as sensitivities and drifts of one-tenth these values have been 
reported,'"' preorbital guidance problems appear amenable to solution. 
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ORBITAL ATTITUDE REQUIREMENTS 

Once the satellite It in its orbit, the problem of attitude control — maintenance of 
roll, pitch, and yaw axes in relatively fixed positions to a reference frame (in this 
case, the earth) — is important for the following reasons. First, the auxiliary powerplant 
(see" Section IV) requires constant conditions, e.g., a "cold" side for the purpose of 
radiant waste heat Secondly, useful television scanning demands that the mid-point 
of the television scan always point toward the center of the earth. Thirdly, antenna- 
positioning requires a relatively stable vehicle attitude relative to the earth. 

The accuracy required for television scanning is not too restrictive; one or two 
degrees' variation in any- direction, which wilt cause picture misalignment of less than 
one frame, is acceptable. It is desirable, however, that the rate of corrective change be 
slow, of the order of several seconds or more, so that the register of frames in any 
single camera sweep will not be affected. Although basic misalignment can be rectified 
at the evaluation center by means of geodetic check points, large variations between 
successive frames are highly undesirable because the distances between such check points 
axe great; moreover, excessive evaluation time would be wasted if the position of each 
frame had to be rectified. Thus rate control of both first and second orders will prob- 
ably be required. The requisite conditions for either antenna-positioning or heat-dissi- 
pation systems appear to be less stringent than those for the television system and 
therefore will not be considered further. 

Within the limits stated above, then, the orbital control system must be able to keep 
the vehicle heading essentially tangent to and in the plane of the orbit (pitch and yaw, 
respectively); the roll angle =nd rate must be substantially zero. 

The basic rotation in pitch, instantaneously tangent to the orbit so that the bottom 
of the vehicle always faces the earth, requires that the satellite mate one complete 
revolution about its pitch axis for each revolution of the satellite around the earth. 
Hence the vehicle continually noses down. But this orientation must be a controlled 
one since this vehicle position is basically unstable (in the stable-vehicle position, tts 
nose tends to point toward the center of the earth). 

Finally, since the power available during the orbital period is limited, the attitude 
control system's power requirements should be held to a minimum. 

Attitude Sensing 

As stated. in RAND's earlier study of satellite stability and control,'" it is impossible 
to consider any system for a preset orbital control which programs the heading of the 
vehicle as a function of time, because an extremely small error in the time scale of such 
-a. program results in a cumulative error in the heading of the vehicle in the orbit. Thus 
any attitude control jof the vehicle must be based on measurements made within the 
vehicle itself st the time the corrections are necessary. 

Orbital attitude references in pitch and yaw are as previously reported,"' wherein 
pitch and yaw angles relative to the direction of motion can be sensed by using orifices 
and measuring pressures with ionization gauges, as shown by an order-of-magnitude 
calculation in Appendix III. The static and dynamic pressures appear to be within the 






range of feasibility; however, detailed studies have not been made. Pressure requirements 
for the instruments may be a compromising factor in the choice of orbital altitude. 

A previously proposed system which nude use of the earth's magnetic field for roll 
reference may still be adequate for the relatively coarse attitude control necessary for 
nontelevistng, experimental vehicles placed on equatorial orbits. For television trans- 
mission from equatorial, polar, or oblique orbits, however, such a roll-sensing system 
is inadequate not only because of the more stringent requirements imposed by the tele- 
vision transmitter half-power beamwidtb, but also because of the dunging magnetic 
fields in either polar or oblique orbits. A star-tracking system, using a satellite's orbital 
zenith star, is applicable to any orbit whose inclination to either the earth's equator or 
axis is small. For practical oblique orbits, however, some other means for roll stabiliza- 
tion is required. 

One system, suggested for application to long-range surface-to-surface missiles,"" 
proposes guiding on the horizon by means of.the heat radiated from the surface of the 
earth. By treating the earth as a black body at 246°K, the radiant energy emitted is 
0.021 watts/cm ! . It is shown in Appendix III that if an image of the horizon is formed 
by an optical system, the power incident on I cm 1 in the image plane equals 0„021/8(f 
number) 1 watts for the earth's portion of the image and practically zero for the "sky" 
(interstellar space). Infrared detecting devices having the required sensitivity and re- 
sponse time are currently available." 1 ' 

Two detecting units which maintain the horizon centrally in the field of view will 
be required, one on each side of the vehicle; a comparison, of the two instruments yields 
a measure of the roll angle. It might be possible to maintain adequate roil control with 
poly one such device, depending. oh the orbital altitude variation. For example, if the 
eonmtricity of the orbit causes the altitude to vary ±50 mi from a nominal 350-mI 
value, a single unit would allow a roll angle of 3°, which is the corresponding change 
in the dip of the horizon. This amount of roll might be intolerable because the half- 
power beamwidth of the television transmitter might be of the order of 2°, hence two 
infrared horizon-seekers would be required for this case. 

Afffhid* Control 

As stated earlier in this section, as well as in the previously reported studies, (T) tie 
power required for attitude control should be is little as possible. With this in mind, 
■two methods of effecting the necessary degree of control appear worthy of detailed 
coDsideraticm: (t) control by means of -a system of three flywheels with mutually per- 
pendicular axes'*' and (2) control, by means of precession of gyroscope. <"> In either 
of these schemes^ control is achieved by transferring momentum between me flywheels, 
or the gyros, and the vehicle. 

FLYWHEEL SYSTEM 

The flywheel system, described in RAND's previous satellite studies, controls the 
vehicle by changing the angular momentum of the flywheel system, whereby the vehicle's 
angular velocities are reduced to their steady-state values in accordance with the principle 



of angular momentum. If changes in yaw, pitch, or roll arc considered 
separately, or are small," the basic equations governing the flywheel control are 

(V/)^c>.= Wi)nr»h„. 
M/f)«w...-(-fr)»m«. 

(2) 

where Ij and H/ are the moment of inertia and angular speed, respectively, about a 
principal axis, and where the flywheel ass nearly coincide with the principal axes 
of the vehide- 

For complex motion, or for large changes in direction, the above aquations do not 
hold, because cross-product terms would also have to be considered. This, of course, 
means that the motion of each of the flywheels has to be compensated for the motion 
of the other two. Foi example, it 'a obvious that a 90° roil, though intolerable, reverses 
the roll of the pitch and yaw flywheels in a manner similar to reversals in aircraft 
rudder and elevator controls, the difference in the analogy being that a change in the 
satellite's attitude does not cause its flight path to change. 

' If the condition of zero attitude angular velocity (around all three axes) of the 
vehide with respect to inertia! space exists at the start of the orbital attitude control, 
then, regardless of the magnitude of any subsequent altitude error, the flywheels will 
be at rest after the error has been corrected if they were at rest before the correction 

The equations of motion which the flywheel control computer must solve have been 
resolved for small values of the variables — i.e, by the method of perturbations— and are 
presented in Appendix IV. 

GYRO SYSTEM 

The gyro precessional system for the satdlite's orbital attitude control, first presented 
by the Glenn I_ Martin Company, is described fully in their report, *' hence no more 
than a brief sumrnary of the proposed system is given here. In this case, the correcting 
moments required for proper orientation of the vehide relative to its orbit are supplied 
by means of three groups of reactional gyros with four gyros in each group. For summary 
purposes here, each group may be considered as a single gyro; their effective spin axes 
are mutually perpendicular and coincide substantially with the principal axes of the 
vehide. The additional gyros in each group are necessary to compensate for the Cross- 
product terms which arise even in the first-order terms of the gyro equations of motion. 
The attitude-sensing or measuring means previously described are applicable to the 
gyro as well as to the flywheel system. 

The reactional gyro is essentially a rotor turning at constant vdocity about its spin 

attitude changes, e.g., the pitch moment iGing on. the rotating yaw flywheel will cause the vehicle 
to roll, and the simplified equations are not applicable. This effect, a gyroscopic interaction be- 
tween flywheels, is precisely that used to exert cootrof forces in the gyro system to be described 
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Fig. 26-~-Gyro pr«e»$$Ton 



s rotated with respect to the vehicle, the gyro produces a rcac- 
tional moment upon its support. In other 
words, and 2s shown in Fig. 26, if the axis 
of a gyroscope is displaced by a disturbing 
torque, * precessive torque about a third axis 
results. Trie axis of the resultant torque is 
mutually perpendicular both to the original 
gyro's spin axis and to the axis of the dis- 
turbing torque. 

As with the flywheel system, and as im- 
plied previously, small change involve only 
principal terms in the control-motion equa- 
tions. Afore complex changes in either system 
require the use of a computer of the type 
associated with 2Uto-ptlots. Such a mechanism 
should not be difficult to develop but may require extension of the contemporary art 
so that it will operate with a high degree of reliability, at 2 low power, and under die 
conditions of no appreciable atmosphere or gravity, 

SUPPLEMENTARY ORBITAL ATTITUDE CONTROLS 

In the event that disturbing perturbations of the'sareliite cause large deviations from 
the desired attitude^ it may be necessary to provide coarse attitude control by means 
supplementary to the flywheel or the gyro systems. Small solid rockers of various thrust 
values might be used to effect such attitude corrections. An alternative scheme might 
employ a pressure bottle arid several series of valves. 

Furthermore, in the course of a year, the satellite will make more than 5000 revolu- 
tionsabour the earth. Although the amount of drag per revolution is small, an eccentricity 
of presented frontal area— drag-Hcelatjvc to the center of the mass will require con- 
siderable energy expenditure into the attitude control system during the year. Therefore, 
some form of drag-trim tabs should be provided; for example, a simple tab whose area 
is several times the estimated area of eccentricity could be inserted into ti : slipstream 
when the flywheel speed or gyro torque exceeds a specified limit and withdrawn when 
the speed or torque drops below a tower limit. 



POWER AND WEIGHT REQUIREMENTS 

The power requirement of the orbital control equipment is very difficult to estimate 
within a reasonable degree of* accuracy because of the absence of* any appreciable gravi- 
tational effect at the proposed orbital altitudes. Furthermore, the frequency of occurrence 
of disturbances as well as of the response time required for their correction is not readily 
determinable because there should be few, if any, disturbances (see Appendix IV). 
However, it can easily be shown that an orbital attitude control is necessary because, as 
previously stated, the satellite's nose-first attitude is inherently unstable in the earth's 
gravitational field. Moreover, it is reasonable to assume that the power required for 
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attitude control will be small compared with that required for the television csmcra- 
transmitter system. Accordingly, it is estimated that the power required by the orbital 
attitude control system is 130 watts; the system weight is estimated at 280 lb. A break- 
down of these estimates is given in Table 2, page 46. 

SUMMARY 



: briefly the foregoing, current developments in long-range missile 
guidance and control systems indicate that the security required during the trajectory 
(or preorbitzl) phase of the satellite is well within the realm of possibility. Attitude 
sensing and control during the orbital phase will require lomewhat more extensive 
development, particularly with regard to the special reliabilit}' and environmental re- 
quirements. However, it appears that the proposed methods for establis hin g the 
accessary attitude references, is well 25 the subsequent sensing and control, are also 
amenable to reasonable solutions. 
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IV. AUXILIARY POWERPLANT 



r satellite requires a continuous supply of electrical energy for 
the operation of the television eamera-tnuismitter and attitude control systems, as well 
as of miscellaneous equipments, while the vehide Is in its orbit It is estimated (see 
Table 2) that 500 watts will be lequtred continuously for either the 40-day period, 
■which corresponds to the Initial useful period of the 56° orbit, or the 1-year period, 
and, further, that this power should be supplied by a system whose total weight is about 
250 lb for tiie 1000-Ib payloai 

TabU 2 
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Since electricity is transitory in natur 

* -A battery stores chemica! potential energy, not e!ectrid(y. 



* be stored in a practical way,* 



other form of energy must be provided (or acquired, in the case of solar energy) for 
subsequent conversion in the satellite. 

Conventional means of producing the required amount of electricity axe completely 
unsuitable to a satellite for periods of more than 2 few days. To illustrate this, consider 
the previously reported,'" typical auxiliary powerplant using a dicmica! fuel, hydrogen 
peroxide; the fuel alone required for a year's production of 300 watts would weigh 
approximately 30 tons. Consequently, either nuclear or solar energy, both of which 
were considered in the earlier works,'*" 181 must be employed. 

In addition to a relatively long duration cf continuous operation, there are other more 
or less stringent requisites of the satellite's auxiliary powerplant: 

1. It must survive initial accelerations of the order of 10^ while the satellite is 1 
being placed on the orbit. 

2. It must operate unattended for the duration of the useful satellite's life. 

3. It must operate in a vacuum. There is no air for combustion purposes and there 
are no convenient convecriftn currents to carry away excess heat. Lubricating oils 
will tend to Taporiz; ano' electrical properties of conductors will be affected. 

4. Excess heat must be dissipated by radiation from the satellite's skin; this is a 
severely limiting factor for beat engines. 

5. No gravitational field exists, and thus liquids and vapors must be forcibly 
separated. Convection currents must be built into heat-transfer devices. 

6. The powerplant must be amenable to handling on the ground duriag the launch- 
. rag phase of the vehicle. 

7. As stated, it is desirable to have an over-all powerplant weight of no more than 
250 lb, although weights as high as 1250 lb may be acceptable (by the expedi- 
ent of going to a larger satellite with a 2000-ib allowable payload instead of 
the assumed 1000 lb). 

In view of the above-noted constraints On the Satellite's auxiliary powerplant, two 
heat-engine systems emerge as promising solutions to the problem. The systems jut 
similar in that each employs z radioisotope beta emitter of the appropriate half life as 
the heat source, each has a reciprocating power conversion device, although of differing 
types, and each drives 2 conventional electric generator to produce dectridty. The first 
to be discussed operates on 2 dosed vapor cycle, like a steam engine, and is an extension 
of tile system proposed in Ref. 10; the second to be considered is a closed-cycle 
gas engine. 
, As is well known, any heat engine must have a cyclic operation and must include a 
heat source and a heat sink, or cooler, in addition to a converter for changing available 
beat energy into more useful mechanical energy. Differences between the various engines 
arise through the ways in which the 'working fluid is used. If the working fluid changes 
phase during the cycle (t.e., is liquid during one stage and gaseous at another), the 
process is termed a vapor cycle or vapor engine. If the working fluid remains in the 
gaseous phase throughout the entire cycle, it is designated as a gas engine. Basic differ- 
ences also exist in the-'way that the cycle operates, depending not only on the phase of 
the working fluid, but also on the temperature and pressure levels employed. 
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The two systems, and their more important components, will be discussed separately, 
and 2 brief comparison of the two will be presented in the summary at the end of this 
section. Other possible fuels, including solar energy as well as additional types of energy 
conversion devices, are described in Appendix V. 

THE VAPOR ENGINE SYSTEM 

The basic cycle of the vapor engine system is essentially the same as that used in 
steam generating plants for many years. Notable differences, such as the type of heat 
source as well as reliability, gravitation, unattended duration, and weight problems, have 
already been mentioned. Nevertheless, a complete description of the system will be 
nude, even though some duplication of previous effort may result; for example, a 
vapor cycle using mercury 25 the working fluid, as will *his one, was proposed in a 
previous satellite report.'" 

A schematic diagram of the complete vapor-cyde system is shown in Fig. 27. The 
essential dements of the system are: a radioactive heat source and regulator, which pro- 
vide- heat for the phase change of the working fluid from liquid to vapor; a reriprocat- 
ing power converter and electric generator, whereby the heat energy is dunged to 
electricity; a heat sint, or condenser, to actcmplxsh the phase c h a n ge of the fluid back 
to a liquid; and the attendant teat exchangers to convey waste heat to the satellite's 
side for dissipation by radiation. 

A terapeziture-catropy diagram cf fee cyde is given in Fig, 28. The liquid mercury 
is pumced into the boiler under 100 poa pressure (point A). Is is heaicd in the boiler 
to a temperature of 907°F (point B), which corresponds to the boiling point of mercirf 
at 100 psia pressure. It is further heated under these latter conditions until all the 
mercury is in the vapor state (point C). ihe fl^id is then expanded through the power 
converter (as represented by the dashed line CD). Heat enagy exjuivalair to the differ- 
ence in enthalpies between points C sod D is changed first into mechanical energy and 
subsequently into electricity by a convectiona! 500-voIt d-c generator. The fluid at point 
D is largely gaseous (2 psia and 5G5°F) and must be rehrned to the liquid state at A' 
by means of She coodcoser; the beat, extracted in the cooler is radiated to outer space by 
the satellite's Ain Upon reaching point A*, the mercery is liquid at 2 psia and most be 
pumped to 100 psi pressure corresponding to point A. Since the fluid is liquid at A, 
She pressure increase requires only about 2 watts of energy, or 0.4 per cent of the engine 
oatpat, thus indicating a highly efficient process. (Later, in discussing the gas engine, 
it will be noted that its top-cycle pressure requires conpression of a gas which requires 
a considerably grester percentage af the powerplact output and therefore yields an in- 
herently lower engine efficiency.) 

The Haw? Source 

As stated in the introduction to this section, the hat source proposed for the satellite's 
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auxiliary powerplant is a brta-emittuig radioisotope. The reasons for such a choice will 
be discussed both here, where the selection of a beta emitter rather than an alpha or 
gamma emitter will be considered qualitatively, and in Appendix IV, where the prob- 
lems which would arise from some fuel source other than a radioisotope are examined. 
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Fig. 28— Schematic dic^ram of tem- 
perature-entropy of mercury 
vapor cycle 
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Alpha, Beta, and Gamma Rays. Most 
of the radioactive particles to be anticipated 
from a radioisotope consist of electrons and 
positrons* alpha particles (helium ions), 
and gamma rays (high-energy X-rays). 

Gamma rays are highly penetrating com- 
pared with alpha and beta particles. To 
obtain an adequate amount of heat energy by 
stopping gamma rays would require a large 
thickness of heavy material. Moreover, it is 
doubtful whether a high-enough temperature 
could be obtained for suitable operation of a 
heat engine of the satellite type, even if 
the attendant large shielding weight were 
acceptable. In fact; it is desirable that the 
particular isotope to be chosen for the satel- 
lite have a minimum of gamma-ray activity, 
s also detrimental to various mareriils and to 



e quite heavy in comparison trt gamma and beta 
r" air. The main deterrent to the use of 
f of a suitable alpha e^!itter ,, • , of the 
appropriate half lifef which would also have a low gamma-ray activity. One such poten- 
tial source is polonium 210, whose half life of 140 days indicates its possible suitability 
to the 40-day satellite period, but whose scarcity indicates a low probability of its being 
assigned to the satellite program. 

The beta-particles thus emerge as the roost likely source of nuclear heat energy for the 
satellite. The beta rays themselves are not particularly toxic, but a secondary radiation, 
equivalent to gamma rays, arises from the deceleration of intense beta particles to the heat- 
produdng shield. This effect, known as Bremsstrahlung, could be quite troublesome, 
troos or positrons given of f fay a 

tHalf life is an index For measuring tlw exponential decay and, simultaneously, the activity 
of a radioisotope. Any substance, radioactive or otherwise, whose actrvitr results in a death (or 
birth} of one of the units of the substance, and which has a probability of such activity directly 

ncntially decreasing (or increasing) with time. Thus, if we let N represent the number of unchanged 
units (radioactive atoms Called pfcttttt material) present at any given time, /, then the rate of 
extinction of parent material a ^i/dt. Where X is k constant depending on the substance and 
measuring its activirr, dti/dt = ■—■ W. Solving for N yield N=N t exp( — Xr), where N. is the 
number of particles present when r=0. If we find the time, Th, « which N is %N fc i.e, the parent 
materia! is. halved, we then obtain the half life of the substance. Since i = when rv* = iV h and 
/=7\i when N=V4*vV r tt =Iog,2A : =.©3A. Either X or 7\t is then an index of the activity 
of the radioactive rabstuue in question. 
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However, it is believed that temporary use of a tungsten shield during launching will 
reduce the health hazard to a safe level, and, further, that a moderate amount of shield- 
ing, coupled with proper design of the cell for the radioactive materials, can alleviate, 
for the most part, the effect of Bremsstrahlting upon the operation of the several elec- 
tronic equipments, particularly the television tube. 

B«ta-produtfng Radioisotopes. There arc several beta-producing radioisotopes to 
be considered for use in the satellite's auxiliary powerplant. Table 3 lists the pertinent 
characteristics of cerium 144, ruthenium 106, yttrium 91, and strontium 89. The first 
two, Ce 1 ** and Ru 108 , have half lives of the order of a year and arc thus suitable for 
tfae long-duration satellite Although any of the four could be satisfactory for a 30- to 
40-day period of operation, it may be necessary mod desirable to use either of the former 
two (Ce 1 ** or Ru !t *), because an? appreciable dshf between separation and application 
of Yt" or Sr**, whose half lives are slightly less than 2 months, tends to degrade their 
activity advantage. 
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SOME PERTINENT CHARACTERISTICS OF Ce'*' 



, Yt", AND Sr 1 ' 



I^ 


Fidco 
Yield' 


tifrt 


Ezdiatioaf 


Energy of Radiation 
(Me.)t 


Sjrasol 


Nine 


Beta Rajs 


Gianni Rajs 


Pr'« 


Ncodjniiam 


53 


Sublc 


e-.T.e- 


S 8 


OH5 








«- 


Rhodium 
Palladium 


0.48 


Stable 


0- 

0-.y 


5.55(8256) 
230 (18%) 


US (154) 
0.75(175!,) 
0.51 (1755) 








Yr" 


£SL= 


". 


Stable 


e- 


1JJ 


ocoe 








5r» 


Yttrium 


". 


Stable 





1.5 


o» 









It is believed that any of these four isotopes can be separated, without exorbitant 
cost, from existing nuclear pile wastes. Ce" 4 is preferred to Ru***, since it is more than 
ten times as prevalent as a by-product ir. the manufacture of plutonium. In addition, it 
has a lower gamma activity than has Ru 1 "*. On the other hand, military priority for 
Gt"* may necessitate use of Ru 10 *; further, since more curies of Ce w * than of Ru 10 * 
are required, the heat cell for the former will be somewhat larger than thai for the latter. 

Since radioactive decay does not depend on the specific configuration of the radio- 
isotopes but is directly proportional to the amount of parent material present at any time, 



a considerable degree of flexibility exists in the choice of the type of heat source. Most 
of the isotopes can be alloyed with high-melting-point metals for their use in the solid 
state; this form of heat source will be applied to the closed-cycle gas engine. With the 
vapor engine,- the liquid state is preferred. 

Inasmuch as radioisotopes decay with time, it is necessary to provide a means for 
disposing of the surplus heat energy during the initial period of their use. As an example, 
the employment of Ce'" for a year (its half life being 275 days) requires dissipating 
1.51* times the energy required by the engine. It is, of course, possible to allow the 
engine to accept a variable amount of heat over its lifetime. However, this means a 
larger engine and, consequently, a much larger heat disposal problem (by the cooler 
or the condenser) on the low-temperature end of the cyde. The specific design of the 
heat cell will be discussed next, where a description of a proposed means for providing 
a constant supply of heat to -the engine is included. 

The Radioactive Heat-preducmg Ceil 

As an example, a radioactive heat-producing cell which employs the radioisotope Ce*** 
will be described. As was noted above, the cell should be designed to minimize the 
effects of primary and secondary (Btemsstrahiung) gamma radiation. Further, such a 
ceil should be not only light in weight, but also capable of resisting the effects of high 
temperature and nuclear radiation for periods of a year or longer. 

Cerium 144 is mixed with cerium 140, a stable isotope, for use in tie molten form. 
This dHuent was chosen in order to avoid possible chemical reactions with the radio- 
isotopet under the high temperature and the nadear radiation exposure. Also, cerium 
has the proper melting point for use in the liquid state. 

Trie cell is marie in the form of a sphere (see Fig. 29) to. order to minimize the 
amount or" -shielding required. To reduce external BrexnsstrabJuog, the cell case is made 
of beryllium, which produces very little secondary radiation. The thickness of the case. 
about 8.5 mm, is always larger than the maximum range of the 3-Mev beta particles 
in beryllium. The internal parts of the cell, such as the stirring paddle and the heat- 
exchanger tubes, are also made of beryllium. The paddle turns in the cell to agitate the 
molten cerium and prevent local hot spots. 

The use of beryllium for the case material has advantages other than its absorption 
properties previously mentioned. Beryllium has a high conductivity which prevents hot 
spots on the covered portion of the cell; it also has a low density and can thereby provide 
a large radiating surface for a relatively small amount of weight. 

The outer cell wall temperature is assumed to be 1300°F. This temperature is ll62°F 
below the melting point of the case and it is high enough so that, with the calculated 
drop in temperature through the case wall and with the stirring vane tending to equalize 
temperatures in the cerium, all of the cerium will remain molten. Also, there is suffi- 

* The dissipating, rate required is determined by 

isSr = kj£+W * = "«»>»- ' = '■"■ 

t Viriptx isMOpts of « ju'vea element usually have very similar chemical properties. 
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Fig. 29— Cerium call with controlled -hurt input to the heat- 



dent temperature potential across the heat exchanger to maintain the mercury vapor in 
the boiler at 907°F. 

To absorb the gamma rays due to the internal Bremsstrahlung. it is proposed that 
3, portable tungsten shield surround the cell during the ^relaunching checkouts for 
protection of the ground crew. This shield would need to be about 13 cm thick" 1 and 
would weigh about 2500 lb. The shield could be removed from (he satellite vehicle just 
prior to take-off by a remote control device; although the amount of gamma radiation 
would be harmful to the crew, it would not be strong enough to interfere with the 
electronic equipment in the vehicle. 

To control the amount of heat transferred to the working fluid, the surplus of heat 
generated in the ceil is thermally radiated into space from an exposed portion of the 
beryllium case. The amount of energy radiated to space is regulated by the opening and 
dosing of overlapping hemispherical shells which have gold-plated surfaces to reflect 
most of the thermal radiation back into the cell (see Fig. 29). Gold plate is used 
since it is about the only material which maintains a low emissivity at a high temperature. 
One half-shell is fixed relative to the cell, while the other is routed by a servo-driven 
gear, which is controlled by the voltage output of the electrical generator of the 
orbiial powerplant. 

For cooling the radioactive cell during the satellite-boosting trajectory, a cap of solid 
carbon dioxide is mounted adjacent to the open face of the radioactive cell. After stage 
separation, the carbon dioxide cap melts away and the cell is free to radiate into space, 
since the vehicle shell which surrounds the motor compartment of the final, stage, where 
the orbital powerplant is located, separates with the initial stage (see Section VI). 



The Engine System and Its Components 

The remaining components of the vapor powerplant will be discussed in the order 
of passage of heat from the heat cell. 

The Heat-transfer Vehicle. Tubes, through which is coursing a heat-transfer fluid 
(sodium), are inserted in the heat cell. The sodium picks up heat energy at about I200°F 
(ne cell temperature being 1300°F) and is pumped through "coils surrounding the 
mercury boiler, thus maintaining a sufficient temperature gradient to heat the mercury 
in the boiler to <J07°F. Sodium appears to have desirable properties for this transfer 
operation: it is light in weight, has a high conductivity, and, since tt has light atoms, 
reduces the Bremsstrahlung of the fluid. 

The Boiler. As stated in the powerplant requirements and as indicated in Fig. 27, 
it is believed necessary to simulate the effect of gravity by continuously rotating the 
mercury boiler, thereby providing convection forces for separation of the liquids and 
gaseous phases of the working fluid. The liquid is fed along the inside of the periphery 
of the drum. The drum is rotated at a velocity such that the centrifugal force on the 
liquid becomes equivalent to gravitational forces. By convection, j^seous mercury is thus 
forced to the centerline of the drum where it is bled off in a oipc located at the axis 
of the drum. 

The Engine. Mercury vapor is then pissed iato the power converter, a compound 
vapor-piston engine* similar to a conventional redproatmg two-stage expansion steam 
engine. Difficulties to be anticipated in design of such in engine indude developing 
suitable reliability (from wear-and-fatigue failure standpoints) for a years unattended 
operation and coping with the "wetness" of the mercury vapor at the low end of the 
cycle. With regard to the latter, upon expansion of the mercury vapor through the engine, 
about 15 per cent of the mercury (by weight) condenses out in the form of liquid. This 
high moisture content would not be tolerable in a turbine, but unless slugs of liquid 
tend to collect ia the cylinders of the piston engine, it is thought that this problem can 
be accommodated by the piston engine; The acquisition or development Of a more suit- 
able working fluid (one having the temperature-pressure characteristics of mercury, but 
having either no moisture or only x small amount of superheat at the end of expansion) 
would be indicated if moisture content a objectioQable. l>)wthennt has properties 
similar to mercury but cannot be used in an engine in an efficient fashion sinfe it has a 
high degree of superheat at the end of expansion. 

One further difficulty that may be experienced in the engine is leakage of the working 
fluid past the pistons into the engine crankcase. However, considerable latitude will 
exist in the development of this component of the satellite's auxiliary powerplant, and 
scavenging will undoubtedly be possible. 

The Generator. The mechanical power developed by (he heat engine drives 300-vplt 
d-c and a-c generators. It is believed desirable to employ a d-c generator (probably of 
the universal variety) in addition to an a-c induction generator, since if either type 

•The design of an efftden, lightweight turbine with * 50:1 pressure ritio and a mercury flow 
weight of around 1 lb/sec does not appear feasible. 



were used separately, cither rectification of part of the alternating current or 2 dynamotor 
conversion of part of the direct current would be required, with attendant losses in 
power. The d-c generator must have a commutator capable of withstanding constant 
operation over long periods. Arcing of the commutator will not be a problem in the 
rarefied atmosphere of the satellite unless some phenomenon such as vaporization of 
the generator lubricant occurs. If a semiperfect lubricant, such as lead sulfite or 
graphite, is used, with appropriate seals to prevent diffusion of small particles into the 
commutator section, then arcing will probably not be experienced. 

Generator cooling — Jo the extent of 200 to 300 watts of heat developed because of 
generator inefficiencies — can be accomplished by circulating a heat-transfer fluid through 
capillary tubes located at appropriate points in the generator, which could be done easily 
if a number of other such systems are in use in the vehicle; otherwise, direct radiation 
from the generator to outer space can be utilized. 

The Condenser and Cooler. To continue from the engine, the working fluid, 
mostly in the vapor phase, is passed into the condenser where it is liquefied. The con- 
denser is virtually identical with the boiler. Its essential differences are that it is larger; 
that the heat-transfer fluid is NaK,* which has a lower solidifying temperature 2nd is 
therefore more appropriate than sodium for the low-temperature end of the cycle; and, 
of course, that the heat-transfer coils exterior to the rotating drum conduct heat out of 
rather than into the working fluid. The waste heat is taken out of the condenser at about 
350°F, which allows more than ample gradient to transfer heat by means of capillary 
tubes into the satellite's skin. The satellites skin then radiates the heat into space at 
a temperature of approximately 200°F. A more complete discussion of heat dissipation 
from the satellite's skin is contained in Appendix V. 

The positive displacement pump, possibly a hardened-steel-roller variety, boosts the 
liquid mercury to 100 psia pressure and into the boiler, where the cycle is resumed. 

Operation of the Vapor Paw«rplant 

A considerable portion! of the preceding description of the components of the vapor 
engine powerplant has presented various aspects of the operation of such a system. The 
following remarks are therefore supplementary to the foregoing. 

Shortly before take-off of the vehicle, the removable tungsten shield is placed around 
the heat cell; and the radioactive cerium solution is pumped into the cell from a ground 
trailer equipped with the necessary shielding as well as a cooling system for removal 
of surplus heat from the tungsten shield prior to launching. At this time, the heat-cell 
reflector is in the wide-open position. The several positive displacement pumps are 
then started by mechanical power from a ground supply fed in through a power take-off 
from the various motor shafts. As the temperature and pressure of the mercury approach 
the design values, the compound piston engine begins operation. Shortly, the generator 
starts to supply the required power for operation of the satellite payload. At the last 
practical moment before flight, the tungsten shield and associated equipment are re- 
moved from the vehicle. 

• NaK is x eutectic mixture trf 56 pe: cent sodium and 44 per cent potassium by weipto. 



During the ascent to the orbital altitude, the auxiliary powerplant energizes the pay- 
load continuously, as noted in Section II. As also previously stated, cooling during this 
period is accomplished by means of the carbon diozide (Dry Ice) cake. 

When the power output of the generator goes above or below certain limits, the 
generator output controller signals the servo-drive to open or close the reflector cover, 
as required. In this manner, not only are the covers gradually closed to keep the boiler 
temperature constant in the face of cerium 144 decay, but reasonable errors in predicting 
heat transfers and radioactivity will be automatically corrected. If for some reason it is 
found desirable to have varying generator power outputs, then the boiler temperature 
can be increased or decreased by moving the half-shell faster or slower than the decay 
rate, thereby changing the mercury vapor temperature. A thermocouple, installed in the 
boiler, overrides the generator output controller whenever the boiler temperature ex- 
ceeds a safe value. 

VopofSystem W«ight Estimate 

A summary weight estimate of the satellite's vapor-type auxiliary powerplant system 
is presented in Tabic 4. 

Table 4 

ESTIMATED WEIGHT OF 500-WATT VAPOK-CYCLE 

SATELLITE AUXILIARY POWEIPUNT 

Component (ib) 

Boiler and beat-transfer system 30 

Working fluid {mercury) 50 

B<xtik generator 25 

Miscellaneous fittings «nd bracket! 30 

OwUot forsattllftc ascent <Dty Ice) 40 



It is, of course, obvious that the total estimated system weight of 400 lb is in considerable 
excess of the 250-Ib requirement. This 150-lb overweight would require a satellite of 
roughly 15 per cent higher over-al! gross weight. Addition of a storage battery to the 
system, discussed in Appendix V relative to the gas-cycle powerplant but applicable as 
well to this one, is a jv>ssible approach to be considered in a weight-reduction program. 
Moreover, it is possible that ingenious design of each of the ^individual units may 
accomplish marked weight reductions for this type of auxiliary powerplant. 
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THE CLOSED-CYCtE GAS ENGINE SYSTEM 

The general arrangement of the gas engine powerplant, although similar in many 
respects to that of the vapor engine, is sufficiently different to warrant separate discus- 
sion of it as a system. The primary difference lies, of coarse, in the engine, which will 
be described here ia some detail. Another distinction is the use of flic beta-emitting 
radioisotope in solid rather than in liquid form. .Such items as the generator, which is 
virtually identical in either system, will not be discussed further. 

A schematic diagram of a closed-cycle gas engine system is presented in Fig. 30- 
The essential elements of this powerplant are: the solid radioactive heat source and its 
regulator, which provides heat for the working fluid in the hot zone of the engine; the 
gas engine (to be described) and electric generator, which change the hear energy into 
electricity; a heat sink in the form of a cooling jacket, which provides the necessary 
cold zone of the engine; and the associated heat exchangers, for both the heat source 
regulator and the heat sink, which cany the excess heat to the satellite's skin, where 
it is radiated into space. 

A discussion of the gas engine will precede that of the heat source in order to 
establish the desirability of the solid^type fuel. 




Fig. 30-^Sc»«m<jiic diagram of gas-cycle auxiliary powerplant for !h« catclli 



The Gas Engine 

As previously stated, a powerplant employing a working fluid that remains gaseous 
throughout the cycle is termed a gas engine. More commonly, this type of device is 
known as an iir engine; but this implies that air is always used for the wonting fluid, 
whereas for satellite purposes an inert gas such as helium is proposed. 

Gas engines are generally not as efficient as vapor engines because compression of 
the working fluid in the gaseous state requires an appreciable portion of the over-all 
engine output. Since it is desirable to use as efficient an operating cycle as possible, the 
Stirling cycle was chosen; even so, the gas engine uses about 25 per cent more heat 
input to produce the same amount of power as the vapor engine, and, furthermore, 
the heat dissipation from the low end of the cycle is a greater problem. 

The Stirling cycle was first envisaged by 
Hct * ... 2 Scotch clergyman in the nineteenth century, 

iz-io™ nocturia. TiMtiwsiirima ejci. »«■ but until the advent of recent development 

^^ c ^" < S^! cirt ^ t * a " f * i,oauric * ky &e Pnfltp* Company, IittIe Vf3S done to 

baild an engine incorporating his principles. 
The basic cyde consists of an isothermal 
compression, a constant volume heating, a 
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|= •» p t Ft cooling (see Kg. 31). To approximate this 

X2^ IOiS jX^ cyde in an actual engine, ft is necessary to 

have a cold zone and a hot zone in the cylin- 
der wherein these isothermal changes can 
take place; further, it is very desirable to 
have a regenerative heat exchanger between 
the zones to aid in aanmpiishing the con- 
e^« °n** B,! " ****<•&* i*** stjfjt volume hearing and cooling- The heat 

p*otj,n,iir,?iui exchanger is the factor contributing most 

Htneren ftesma heavily toward the success of an engine of 

Fig. 31— Stirling pressure-vol- the Stirling<yde type. In the past, air en- 

ume diagram (related to motion of gines have been built without this device but 
pistons in hot end told »n«s) w ^ aoJaHy p00r io t!Bdgatfw 

The Philips air engine will be described to assist in visualizing the mechanism involved 
with a Stirling cyde. Figure 32 is a schematic diagram of the engine, and it indicates 
the operation of the pistons. The heat regenerator consists of metallic wool through 
which the working fluid passes between hot and cold zones; as the air pisses through, 
it excites only the surface molecules. The aj- reversal is so rapid that hot and cold air 
alternate through the exchanger every Mo sec orless. Indeed, it is this intermittent flow 
principle that allows such a small device for heat exchangr. If the same amount of heat 
exchange were attempted on a steady flow basis, the size of exchanger required would 



References 22, 23, and 24 contain good descriptions of the Philips engine if further 
details are desired. Stirling engines more appropriate to the satellite's powerplant will 
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be considered at a later date; for the present, 
the analysis is based on the characteristics of 
the Philips engine because these data are 
readily available. 

Tlie over-all efficiency of the gas power- 
plant is about iVi per cent when generator 
losses are included and about 12 per cent 
when they are excluded. In order to attain 
this degree of efficiency, it is necessary to 
operate the hot zone of the engine at around 
1I40°F and the cold zone at about 200°F* 
A 1200°F temperature is thus required of 
the heat source; by proper design of the 
engine's cooling system, a satellite s skin tem- 
perature of 160°F is adequate for disposing 
of waste heat from the low-temperature end 
of the cycle. 



The Cooling System 

The heat disposal problem is more critical 
in the gas engine than in the vapor engine 
because more heat, and at a lower temperature, must be carried away from me former. 
Liquid NaK is pumped through a finned housing which surrounds the cold zone of the 
engine, then through 400 ft of %-in.-ID capSIaiy rubes which are laid alongside the 
interior of the satellite's skin. In ord:; io increase the cross conduction of heat through 
the skin, i.e., transverse to the rotes, a 0.002-in. copper sheath is placed between the 
skin and the tubes. Production of ?OQ watts by the proposed gas engine necessitates 
radiation of about 20,000 Btu/hr, which, at a skin temperature of I60°F, requires 
about 100 it- of the "earth side" of the satellite— actually 2Vi per cent more thin the 
entire bottom half of the presently envisaged lOOO-lb payload vehicle. (See Appendix V 
for a more detailed analysis of the heat disposal problem). 

The Heat Source 

In order to have a compact heat source for the gas engine, it is proposed that the 
cerium 144 be alloyed with a suitable metali whose melting point exceeds 1200°F. 




Fig. 32— Schematic diagram of c 

Philips* version of the 

Stirling engine 



• On the basi 


of the Cirnot cycle, tbc idea! thermal efficiency 


1OO(1M0*R - « 


>0*R}/1600*R = 58.7 per cent; or the nine basis. 




4 per cent. However, with estimated ovcmII effic 


losses) of 12 per 


cnt and 15 per cent, respectively, for (he gas and va|> 


that the efficiency 


of the gas engine itself is only 20.5 per cent, whtl 



•<**jf%*,MJ!*.f 



Beryllium is one such possibility, although it does not alloy too rcidily with cerium; other 
possibilities include magnesium, aluminum, and titanium. If a satisfactory alloy compo- 
sition cannot be made, a sandwich constructed of a O"* center between layers of beryl- 
lium can be substituted- In either event, it is desirable to have is pure Ce"' as possible. 




Rg. 33— Proposed htQi-rti*ctfon schtmt for $o!id-radioactfv«-fu«1 



Postulating that such a cap of solid metal containing the radioactive fuel can be fabri- 
cated, the arrangement of the heat source around the hot zone of the engine is depicted 
schematicaiiy in Fy. 33. In order to furnish a nearly constant rate of heat to the engine, 
z heat-conductive path is provided directly from the fuel to the radiating surface of the 
vehicle skin* During the satellite's useful lifetime, the heat resistance of this path is 
increased in such a manner as to compensate for the exponentially decreasing rate of 
heat production by the radioisotope, thereby insuring nearly constant fuel temperature. 
Such a. scheme is indicated in Fig. 33, where a gap is shown between the fuel cap and 
the heat-transfer medium. This gap is originally filled with a high-p.'essure inert gas 
such as helium; during the designed life of the satellite, the gas is leaked out of the 



• The regulation system described here h 
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best sources are similar, e.g.. the variable r 
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gap through an orifice so that at the end of the period the heat flow across the gap is 
negligible, owing to die low heat conductivity of the remaining low-pressure gas — 
practically si vacuum. There ate a number of possible variants to this scheme: using 
* semipermeable membrane instead of an orifice, using a slowly changing chemical or 
adsorption, process, etc. 

Operation of the Gas Engine System 

With the primary exception of placing the solid'fuel cap over the hot end of the 
cylinder head by a remote-controlled mechanism rather than pumping die liquid radio- 
isotope into a heat cell, the ground-starring and the subsequent operation of the gas 
powerplant axe substantially similar to those of the vapor plant- Therefore, a detailed 
descriptiosi of the operating characteristics of the gas system does not appear to 
be warranted. 

Gas-System Weight Estimate 

Ice estimated over-all weight of the gas-cycle powerplant is listed in Table 5. 

Table 5 

ESTIMATED WEIGHT OF 500-WATT GAS-CYCLE 

5ATEIUTE AUXILIARY POWERPLANT 



Component 



'efrta 



Coolant while ' 



Philips engines built for nonaircrafr application have exhibited bare engine weights of 
0.3 lb/watt for approximately 175-watt output. For larger sizes, an improvement in 
weight is indicated; for example, a 500-watt, non aircraft engine could be built for about 
125 lb weight. Furthermore, by removing such items as the auxiliary starter, the main 
starting pad, etc, and by using light metals, it is probable that the entire engine, exclusive 
of heat source and cooler but including generator, could be built for this 125-Ib figure. 

SUMMARY 

Two SOQ-wjtt powerpiants, -ach using a beta-emitting radioisotope, have been con- 
sidered; cither of the vapor^de or gas-cyde systems presented appears to be feasible 
for use as t satellite auxiliary powerplant. However, the vapor-cyde engine was found 
to be the heavier — 400 lb as compared with 250 lb-— and may necessitate considerably 
greater attention to .engineering details than will thejgas-cyde-' engine. On the other hand, 
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the gas eogin^wiU require about 1 lb of radioactive fuel as compared with 0.8 lb for the 
vapor engine; if the radioisotope separation processes are very expensive, this may be an 
important consideration. Furthermore, waste heat disposal from the gas cycle requires a 
much larger portion of the satellite's skin— a total of approximately 100 ft 1 — to be 
used as a radiator than does the vapor cycle; the problems attendant on incorporation 
of a nibble cooling system over so large an area will have to be investigated mote fully. 



V. RELIABILITY OF THE SATELLITE 



One of the most important and difficult problems in the development of a successful 
satellite vehicle is the attainment of a high order of reliability in both the satellite com- 
ponents and the ground equipment To achieve this reliability will requite a serious and 
concentrated effort in research and development of reliable components as part of the 
satellite engineering progiam. 

Present experience indicates that while reliable operation of the airframe, propulsion, 
auxiliary powerplant, optical systems, and associated mechanical parts requires serious 
study, the major part of the entire satcltite rchabiiity problem lies in the difficult task of 
developing reliable electronic components. Further, although the complex ground elec- 
tronic equipment is an important aspect of .the problem, the greatest challenge is io the 
achievement of electronic reliability in the satellite itself. There are at least three reasons 
for this, In the first place, the satellite equipment is unattended, so that ordinary main- 
tenance to prevent failures, inspection to locate failures, and replacement to repair 
failures axe all impossible. In the second place, the satellite equipment is subjected to 
the rigors of shock and vibration during the launching and flight of the vehicle. Finally, 
complete duplication of equipment by means of one or more complete stand-by systems 
is. possible on the ground but not practical in the satellite. (Some duplication in the 
vehide components will be possible and will be considered later.) 

Since the most serious problem is the achievement of reliable satellite electronic 
equipment, the present section will emphasize this aspect of reliability. The requirements 
»2I be formulated more explicitly, and after a discussion of present dectrooic reliability, 
an attempt wili be made to indicate the most promising ctirections of research. It is 
realized that only a segment of the satellite reliability problem is being considered, and 
this, in a preliminary and tentative fashion. However, it is the most important segment, 
and many of the general conclusions indicate a research and development philosophy 
which is applicable to the other phases not discussed. 

ELECTRONIC EQUIPMENT 

The major electronic systems in the satellite are the television camera and related 
circuiting, the transmitter, the trading receiver system, the attitude control, and the 
power supply controls. A total of 30 to 100 electronic tubes and a television tube 
are included in this equipment. 

OPERATING REQUIREMENTS 

In order for the satellite to operate successfully, it b necessary for the inartended 
equipment to function properly and continuously for the satellite's flight period. Both 
the short period of 35 days (840 hr) and the long period of 1 yr (— 8800 hr) will 
be considered. 
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It is important to note that the task of the electronic equipment — to function prop- 
erly — sets definite limits on the various performance parameters (currents, voltages, etc.) 
of the circuits. Failure must be considered as occurring if any one of these performance 
parameters falls outside its task limits. This means that failure of the satellite" will 
result not only from overt failure (e.g., outright breakage or shorts), but also from sub- 
marginal performance of the electronic equipment (e.g., moderate noise levels in the 
tubes), which under usual drcumsbmces would result in undesirable but acceptable 
operation. This Critical dependence on the submarginai performance of electronic com- 
ponents is in a large measure due to the critical high-performance operation which b 
demanded of the entire satellite-ground station electronic system. It is thus clear that 
die rehabiliry of the satellite electronic equipment is intimately dependent on both the 
quality and stability of the components and also on the design governing their use tn the 
circuits. These factors determine what may be called the internal environment of the cir- 
cuits, Lc, the conditions « one circuit dement which are due to the other circuit elements. 

EXTERNAL SNV!*ONM£NT OF THE ELECTRONIC EQUIPMENT 

In addition to the internal environment, the electronic reliability will also depend on 
the conditions outside the electronic equipment, the external environment. The most 
important external factors are the ambient temperature, humidity, and pressure conditions, 
and the shock, acceleration, and vibration conditions, which give rise to inertiai forces. 

Temperature is probably the most critical of these factors in affecting the stability 
and lifetime of the components, particularly tubes, resistors, and capacitors. In addition, 
most of the power consumed by fee electronic equipment appears as beat from the 
heaters in the tubes, so that provision will have to be made to conduct away this heat, 
perhaps by circulating z coolant around the tubes. Humidity affects me lifetime of capaci- 
tors and resistors and is a factor in metallic corrosion. The effects of pressure ire less 
certain but appear to be trnporrant in arcing and rday wear. 

In view of the serious effects of these ambient conditions on the performance and 
lif et i m e of the electronic components, the following assumption will be made: The 
electronic- equipment "m the satellite is boused m comportments hi which the temperature, 
humidity, and pressure are controlled iatd held at nearly constant values which are opli- 
mum for electronic reliability. Since these optimum values will depend on the design 
and character of future improved electronic components, it is cot possible to state riwn 
at present; and one aim of the reliability research program (discussed below) should 
be to establish these optimum ambient conditions. 

The dynamic factors of shock, acceleration, and vibration result in inertiai forces 
which stress and distort parts of the "electronic components. These forces may cause out- 
right breakage or permanent distortion, thus affecting both the performance and stability 
of components as well as decreasing their lifetimes. 

In the initial flight period (launching and preorbital flight), lasting about 2 min, 
axial accelerations are expected to be less than 10g, including both launching and staging 
separation. Transverse accelerations for eontroi into the orbit will be less than 0.l£. 
It is also expected that no important vibration will occur and. that only gradual accelera- 
tions will be applied so that no shocks are present. 
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Is the orbital flight period, only small transverse accelerations less than 0.l£ will be 
applied for attitude control purposes. Again, no vibrations or shocks are expected, 
except possibly for a very low frequency (50 cycle/sec) vibration from the powerplant. 
Finally, an unimportant but novel feature of the environment of the electronic equip- 
ment in the orbital period lies in the complete absence of gravity. 

It is thus seen that the equipment is expected to be subjected (I) to accelerations 
of the order of lOg in the initial period, (2) to occasional O.lg accelerations in the 
orbital period, and (3) to negligible additional shocks and vibrations throughout the 
entire flight. 

While (1) and (2) appear reasonable, condition (3) may be harder to realize, since 
resonant vibrations in the airframe will tend to be excited in the preorbital flight through 
toe atmosphere. (Serious troubles of this nature are known to have been met in the 
V-2 development.) Despite such possible difficulties, however, the above estimates wit! 
be taken as realistic statements of the environmental conditions under which the satellite 
electronic equipment must operate. 

STATEMENT OF RELIABILITY REQUIREMENTS 

Having discussed the operational requirements and the environmental conditions, 
the reliability requirements for the electronic equipment can now be summarized. If mil 
h: £sss7nei thai a 90 per cent probability of success is smfjsciens for the system, so that: 
The satellite electronic equipment must withstand accelerations of the order 
of lOg initially, after which it must operate properly for a flight time of 
either 340 or 8800 hr, with a cumulative probability of success of 90 per cent. 
During the entire flight time, the equipment will be subjected to small sup- 
plementary accelerations (less than 0.1^) and will be housed under the 
ambient temperature, pressure, and humidity conditions which are optimal 
for the electronic reliability. Vibration and shocks will be negligible. 
The requirement of 90 per cent success leads immediately to what is probably the 
most stringent condition of all, the electron tube reliability. Ignoring everything except 
the tubes, it is seen that if p is the probability that one tube will operate successfully for 
the flight, then for 100 such tubes it is required that p toa = O.p, or p = 0.999, so that 
the "allowable" failure probability of a single tube is q = 0.001, or 0.1 per cent. For 
50 tubes, p — 0.998 and q = 0.2 per cent* The same order of magnitude of reliability 
is required for the resistors, capacitors, etc., which are roughly equally numerous. For 
the two or three extremely critical elements (such as the television tube), reliabilities of 
fhc order of 99 per cent are probably acceptable. 

These requirements lead to the following questions: 

How big is the gap between the reliability required of the satellite equip- 
ment and the reliability now available in present electronic equipment? 
What is the character and cost (in dollars, skilled personnel, research facili- 
» The lubes are considered independent. This is in unproven but plausible iuufaptioo which 



tics, and time) of the required research and development program for the 
satellite electronic reliability? 
Present knowledge of reliability and electronic technology is inadequate to answer 
these questions in detail. A brief discussion of die problem is presented in the follow- 
ing sections. 

PRESENT VERSUS REQUIRED RELIABILITY 

The heart of present-day electronic equipment is the electron tube. In general, tubes 
are less reliable individually than most other electronics components, and the large 
number of tubes used in most equipment makes the tubes collectively by far the most 
unreliable component. Thus it is a fact that for many types of electronic equipment 
under widely varying conditions and usage, about one-half to two-thirds of the equip- 
ment failures are electron tube failures. There are notable exceptions to this statem ent , 
particularly in cases where attention has been paid to reliability m the design and main- 
tenance of the equipment Nevertheless, it is clear that improved electron tube reliability 
will be a major factor in achieving the satellite requirements. For this reason, and also 
because most present data concern tubes, attention in this section will be concentrated 
oa the question of tube reliability: How reliable are tabes now and how can they be 
made more reliable? 

First, so far as the acceleration of lOg in the initial period is concerned, two effects 
will occur: (1) There will be a fraction of outright tube failures, caused by breakage, 
deformation, etc, which prevents the tube from functioning at alL (2) the acceleration 
will change the tube characteristics and stability and thus will shorten the lifetime during 
which it functions properly. £a present tubes, most failures of type (1) are mechanical 
failures caused by poor tube-quality control in manufacture. It appears to be a matter 
of experience that these failures can be greatly reduced by good design and quality con- 
trol. Present-day superior tubes must survive service teste including accelerations of 
500£ for 45 ms, as well as extensive vibration tests. A relatively high fraction (about 
95 per cent) operate within their task limits after this brutal testing. For the rela- 
tively mild satellite acceleration, it is believed that the failure rate would be less than 
I per cent for present high-quality tubes, such as those developed bj RCA (red tubes), 
by Aeronautical Radio Incorporated, or by the Navy under its Tube Ruggedization Pro- 
gram. Jf the satellite failure probability in the initial period is to be of the order of, 
say, I per cent for the 100 tubes or 0.01 per cent for individual tubes, then it appears 
that under lOg accelerations the best modem tubes have an individual failure probability 
of the order of 100 times that required in the satellite. 

The tubes which survive the initial period and begin to function properly will suffer 
failures during the flight which depend on effect (2), i.c, the "weakening" of the tube 
by the initial 10£ acceleration. In addition, the small O.lg control accelerations will 
affect the tube life, though perhaps to a negligible extent. In this phase of the flight, 
lasting 840 hr (or 8800 hr), the requirement is thai the cumulative probability of failure 
builds up to not more than about 10 per cent 

Neglecting the possible weakening effects and the small control accelerations, the long 



orbital flight period under the assumed well-controlled ambient conditions can be com- 
pared with 2 favorable laboratory or industrial environment using the best design and 
quality control. Two such examples are given below: 

Belt Telephone Equipment Data. Bell Telephone Laboratories 1 """' have nude ex- 
tensive efforts to develop reliable tubes for use in communication and have achieved 
mean lives of the order of 100,000 hr (10 years) for several tube types. A remarkably 
low failure rate' is recorded for some 6000 tubes in 230 bays of 12-diannel carrier tele- 
phone equipment, operating 24 hr a day, 7 days a week. By careful tube testing once 
every 3 months, incipient failures were detected and the defective tubes replaced, the 
removal rate being about 1.5 per cent. The results showed that over a period of at least 
a year, not a single failure occurred in the 6000 tubes during the 5-month periods of 
unattended operation following the checks. 

Electronic Computer Experience. Experience with the Whirlwind computer" 1 ' indi- 
cates that for operating periods of 3000 and 13,000 hr, about 90 per cent of the tube 
failures were caused by changing characteristics (60 per cent) and mechanical defects 
(30 per cent), with the remaining 10 per cent attributed to beater burnout and gas 
within the tubes. For a typical computer having about 5000 tubes with a 5000-hr mean 
life; one failure per hour would be expected, znd it is obviously necessary to lower this 
failure rate. A system of periodic ''aurginal checking" at frequent periods was introduced 
to remove incipient failures, and a preburoing test was employed to remove tubes whose 
characteristics were changing too fast. These checks to eliminate defective tubes, together 
with good circuit design (large safety factors) and proper use of the tubes, have reduced 
the failure rate to about 5 per cent of that to be expected oa t purely statistial basis. 
With such selected tubes, failure rates of about 1 per, cent in the first 1000 hr and 
30 per cent in the first 10,000 hr resulted. 

At the other environmentai extreme from laboratory conditions, one may consider 
electronic reliability in aircraft. Acceleration, shade, and vibration as well as temperature 
and pressure effects all combine to produce a rigorous environment for electron tubes. 
Inrnilitary aircraft, the reliability is further lowered by inferior design and maintenance, 
and at present the highest electronic reliability m aircraft is r ea lized in commercial planes: 

Aeronautical Radio Incorporated (ArhtC) Expetienc£. ,2,ui>i Ariflc, a nonprofit 
company formed by the commercial airlines to improve air-borne electronic equipment, 
co-operates with both the airlines and the tube manufacturers to locate tube defects and 
improve them. At present the tube failure rate, under standard maintenance procedures, 
has been reduced to 2.5 per cent in the first 1000 hr. This is a significant improvement 
in reliability, and it has been effected largely fay reducing mechanical failures and faulty 
assembly by means of minor design changes and improved quality control. Ten improved 
tubes of various types have been developed and made available under the program. 

CONCLUSIONS 

From these examples, it is seen that the Bell Telephone tube reliability of less than 
one failure per 6000 unattended tubes ht 5 months fax exceeds the reliability demanded 
of the short-period satellite (one failure or less per 100 tubes in 1000 hr). No data are 
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given on failure rates for periods longer than 3 months, so that no direct comparison on 
be made with the Jong-period satellite. However, using the above data, it is shown in 
Appendix VI that with a confidence of 95 per cent, the failure rate is less than 1 in 6000 
for a 3-month operating period. From this fact and plausible physical assumptions 
about the failure characteristics of the tubes, a rough calculation (given ia the same 
appendix) leads to a figure of about 70 per cent for the probability of no failure in the 
t-yeaf satellite (with 100 tubes). If these assumptions are justified, this result would 
appear to indicate (at least so far as the tube lifetimes are concerned) that even the . 
rigorous long-term satellite requirements are near the forefront of the best modem 
electronic technology. 

This important conclusion is strengthened by the fact that the Sell Telephone Labora- 
tories have developed at least one other type of electronic equipment with extremely high 
reliability requirements, namely, the electronic repeaters in submarine telephone cable." 01 
No data are yet available on the reliability actually achieved in this equipment, bui the 
whole program has been geared to develop a system which will operate unattended for a 
period of IO to 20 years. A further feature of interest to the satellite problem lies in the 
fact that the equipment suffers rather rough shocks when the cable is laid, after which 
it lies quietly on the ocean floor. Tfcas the repeater equipment would appear to be 
analogous to the satellite equipment insofar as both must survive a rigorous initial en- 
vironment and then survive unattended in z very mfld environment for a loag period. 

On the other hand, the dectrooic computer and Arinc results indicate a tube failure 
rate considerably higher than that demanded of the satellite tubes. Considering all &e 
factors, it seems fair to say that the Bell Telephone experience indicates that the reli- 
ability for the 1-month satellite am be achieved, while the electronic computer and Arinc 
data show that the best present tubes fall far short of this high reliability. The reliability 
is the 1-year satellite is certainly a mare difficult problem; little cm be said except that it, 
too, caaprobably be achieved; with greater effort, using techniques of the type employed 
in developing the submarine cable equipment 

In general, similar condusions seem reasonable regarding the electronic components 
other than tubes. Paralleling the tube programs mentioned above, a variety of research 
efforts are at present directed toward improved dectrooic components with longer life 
and more stable operating characteristics. These efforts include studies of printed cir- 
cuits, of miniaturized components, and of the packaging of electrooic equipment. 

RELIABILITY RESEARCH PXOGKAM 

Since it appears reasonable that the required satellite reliability cm be achieved, the' 
neat question is. How can electronic reliability be unproved to the required degree? The 
obvious answers are (1) by improved components, (2) by improved circuit design, and 
(3) by inspection, selection, and pre-use testing to eliminate defective components. 
Present component-improvement programs provide a wealth of technical data on these 
matters. It h clear, however, that while considerations (2) and (3) ate important, 
(I) is really the crux of the nutter. The problem of achieving long life ia electronic 
components is more formidable than that of ruggediaation against the relatively mild 
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10£ accelerations expected. It is generally conceded that adequate knowledge on the 
subject of long life is lacking and has to be increased before really substantial progress 
can be made; qq the other hand, components which are designed specifically for long 
life can show great improvements over standard production items. 

In addition to improved components, it is necessary, as has been pointed out, that 
improved electronic design studies be carried through. These may include unconventional 
techniques, such as providing parallel or duplicate systems as stand-bys in case of failure. 
The use of several components to cany the load may increase the life of the system many 
times (e.g., by use of several tubes in place of one to cut down cathode depletion). And, 
finally, a uniform advance of electronic methods and components is necessary to ensure 
a balance of reliability throughout the system, so that as far as possible there will be no 
relatively very weak links which jeopardize the entire operation. This is particularly 
vital for the satellite, which requires a high reliability for the television tube and similar 
major components, which are few in number, as well as for the r 
ponents, such as tubes, resistors, and capacitors. 



SUMMARY 

The reliable operation of a satellite vehicle poses difficult but by no means unsolvable 
techmcal problems. The most difficult part of the reliability problem resides in the 
development of superior quality electronic equipment which must withstand initial 
accelerations and then operate properly for the remainder of the flight period. Although 
the reliability of most standard electronic equipment is it present far below the satellite 
requirements, it appears that the best modem electronic telephone equipment has a 
reliability at least as high as the 35-day satellite requires. To achieve a high reliability 
throughout the 1-year satellite, a research and development program on electronic com- 
ponents will be required, together with a careful study of designs and techniques for 
using ihese improved components. 
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VI. THE VEHICLE 



The preceding sections have discussed the problems of utility of an orbiting satellite, 
particularly as a reconnaissance device. The purpose of this section is to present a 
description of the vehicle and to re-examine the problems attendant on establishing the 
satellite on an orbit This analysis will be brief, because (he results of the study reported 
in Refs. 3 through 14 are generally applicable and, further, because the principal em- 
phasis of RAND's work since those reports has been concerned with the utility of the 
vehicle in the orbit rather than with the vehicle itself. 

The vehicle characteristics are considered in the following order: flight mechanics, 
aerodynamics, heat transfer, propulsion, and structural design,. The techniaues employed 
were developed as a result of the earlier satellite studies, referenced above, as well as 
during the recently reported long-range surface-to-surface rocket and ramjet missiles 

„. „ As a result of RAND s continuing work 

concerning rocket vehicles generally and, 
more specifically, the improved state of the 
arts regarding component and over-all mis- 
sile design, the current configuration of the 
satellite vehicle differs somewhat from that 
previously reported. U is, of course, reason- 
able to expect that as the state of the art 
improves, such advances will be applied to 
satellite as well as missile designs. 

The satellite vehicle as presently envisaged 
consists of a two-stage, hydrazine-liquid- 
oxygen-propellcd rocket vehicle, whose 
launching size is moderately larger than the 
V-2 (sec Fig. 34). This configuration is 
"based on (I) present-day construction ma- 
terials and manufacturing tcchnicmcs, (2) 
component weights as they will likely exist in 1954, (3) a pyload weight of 1000 lb. and 
(4) an orbital altitude of 350 mi. Variations in payload weights from 300 to 2000 lb 
and in orbital altitudes from 350 to 600 mi are also considered. 




PREORBITAL-FUGHT-MECHANICS CONSIDERATIONS 

A general procedure for analyses of the satellite vehicle consists, first, in consider- 
ation of. the flight mechanics governing the preorbital, or ascent, phase of flight and 
secondly, in determination of v (mass ratio) values required to place a given payload 
weight at a specified orbital altitude. 
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For equatorial orbits, which will be of continuing interest for experimental satellite 
vehicles, the equations of motion for the ascending rocket are essentially the same 25 
those described in Kef. 3. As will be discussed below, however, oblique orbits of interest 
for reconnaissance require modification of the equations. 

The difference in vehicle performance between equatorial and oblique trajectories 
is considered to be negligible during the relatively short (4i£ min) burning period; 
during which time the vehicle's reference system is associated with the moving earth- 
However, when the motion is considered to be transferred to an inertia! (space) frame 
of reference, as it must be at some time during the trajectory (arbitrarily selected here, 
for convenience, at the end of burning), there is a significant difference between the 
oblique and equatorial cases. 

The change in vehicle velocity as measured in the inertial (space) system rather than 
in the moving (earth) system is approximately equal to the. projection on the orbital 
plane of the earth's velocity component, a £ r, due to its rotation, where - E is the angular 
velocity of the earth and t is the distance from the satellite to the center of the earth. 
This velocity shift can be either positive or negative, depending on the direction of 
launching; if the satellite is launched eastward, the increment is positive and thus adds 
to the satellite's speed. For the equatorial case, the magnitude cf the velocity change ii 
jKs« E f. is stated; for the oblique case, however, ^Kss^cosL, where L is the 
angle of obliquity between the orbital plane and the earth's equator. 

Using the equations and techniques of Ref. 3. modified as indicated above, together 
with the aerodynamic, heat transfer, powcrplant, and weight data presented in the 
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following portions of this section, it is then possible to determine v, the ratio of initial 
propellant weight to initial gross weight, as a function of various payload weights ind 
orbital altitudes as shown in Fig. 35. The cases illustrated, by Fig. 35 are for a 56° 
oblique orbit; the propellant is hydrazine-liquid oxygen.- 

As stated previously, the complete prcorbital trajectory for a 1000-lb payload, 
350-mi-aitirade satellite consists of about 2 min of booster-powered ascent and of 
approximately 2% min of second-stage powered ascent, followed by a 20-min coasting 
period to the orbital altitude where power is applied momentarily to provide the final 
boost into the proper orbit. Altitude and velocity as functions of time are shown in 
Fig. 36 for the principal power-on portion of flight for the stated case. 




AERODYNAMICS 

The aerodynamic duracreristics of the present satellite rocket are determined by 
using the methods put forth in Ref. 36, with a few notable modifications. First, the 
temperatures of the boundary layer used in determining skin friction ar- lower because 
they are based on the more recent data of Ref. 37, rather than those of Ref. 38; the 
lower temperatures result in higher vilues of skin friction coefrident Secondly, in 
the prior work,'** 1 the pressure forces on the nose were determined by substituting an 
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equivalent cone for the actual ogive; this substitution remains unchanged in the present 
analysis for the low and moderate Mach number regimes. At hypersonic velocities 
(M = 10 or above), however, the pressures on the ogive arc determined for the actual 
ogive shape according to Case 5 of Ref. 39- Thirdly, a change coacems the assumption 
of the drag due to boattaiiing. The present esse is calculated on the basis of the data 
presented in Fig. 37; these curves are a modification of Fig. 5 of Ref. 36" but are based 
t test data. 




Rg. 37 — Base and boaHatl drag coefficients 



HEAT TRANSFER 

As mentioned above, the temperatures influencing aerodynamic variables are based 
on the methods developed in Ref. 37. These temperatures, of course, prevail only where 
atmosphere exists and are dependent on the rate of acceleration of the vehicle as well as 
on the magnitude of velocity. Thus there u a compromise between allowable load factor 
of the vehicle and the temperatures experienced by the vehicle's skin, which is discussed 
briefly under "Structural Design," page 75- 

In the orbit, temperatures are dependent only on the net influx of radiational heat 
Once the vehicle passes out of the significant atmosphere, it begins to tool to those 
temperatures consistent -with the orbiting conditions. Figure 38 illustrates the over-all 
temperature variation of the satellite; the derivation of a similar curve for the previous 
satellite work is diseased in Ref. 40. 



None of the satellite propulsion components differ mareiwlly from those presently 
being tested for guided missiles. In fact, the thrust of the individual motors is consider- 
ably less than that of the V-2. The first (booster) stage has four gimbal-mounted, 
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equal-thrust rocket motors which arc used for both propulsion and control; in the 
ICOO-Ib-paylozd, 350-mi-orbitaI-aititude case, their combined thrust is 117,750 lb. (An 
individual rocket motor of 75,000-lb thrust has been fired recently.) In the second 
stage, a single 15,500-lb thrust motor is used for propulsion only; four *mall rociet 
motors, each having about I per cent of the total thrust, provide the necessary trajectory 
control during and at the end of the coasting period. 

Th? proposed design uses hydrazinc-liquid or/gen as the propdlant. Since emphasis 
throughout this study has been centered on currently available materials, components, 
and techniques, the use of hydrazine may be questioned by the reader. It is tree that 
hydrazine is available now in srruH amounts only, and st relatively high cost- However, 
a recent study" 1 ' by The Ralph M. Parsons Company indicates that larger pilot plants, 
capable of producing sufficient hydrazine for several satellite vehicles, could be built in 
the near future to market the fuel for less than 50 cents/lb. 

In addition to hydrazine'oxygen, there are of course a number of propcIl2nrs which 
could "be used, in a satellite rocket vehicle; for example, the readily available, inexpensive 
gasoline-oxygen combination could be used for comparable payloads and altitudes at no 
more ihan approximately twice the hydrazine-oxygen gross weight and structural cost. 

74 
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STRUCTURAL DESIGN 

The over-all vehicle configuration (see Fig. 39) is an ogive-qlirider-fcoaruil com- 
bination, with attachment of the two stages at the aft end of the sea»d-5tage propellant 
tanks- The covering of the second-stage powerplznt compartment serves to transmit the 
axial acceleration loads during boost, is integral with the booster, and is carried away at 
the staging separation. The orbiting satellite coafiguratioo is also shown in the figure. 




loading experienced by the vehicle results principally from Hx axial accelerations 
during boost Further, the structure is designed to resist the compressive loading at the 
temperatures shown in Fig. 38, which dictates that a heat-resistant alloy Is required for 
some portion of the satellite's oose, where a material such as Hastelioy C sheet should 
be used; the remainder of the vehicle can be made of suitable steel, such as stainless 
steel. The indicated booster temperature and load requirements probably an be met by 
using titanium alloys; however, stainless steel is presently preferred because of the 
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advanced state of knowledge concerning its fabrication and because of 'its availability. 

Conventional semimonocoque construction is employed throughout both satellite 
and booster. The fuel tanks and structure, except the previously mentioned Hastelloy C 
nose tip, consist of columbium-stabilized, it-hard, 18-8 stainjess-steel sheets, hat-section 
stringers, and frames. The booster stage has Integral, pressurized tanks; the second-stage 
tanks are also pressurized but are nonintegraL The material for the motor mounts and 
related fittings is chrome-moly steel. 

The optimum structural combination'"' of sheet and stiffening dements is deter- 
mined by considering the combined effects of allowable panel compressive stress, 
budding instability, and distribution of structural material. The avenge thickness of 
the structural element' thus derived depends on the magnitude of the loid applied to 
the structure, the environmental condition under which the structure operates, and the 
load-carrying ability of the material. Weight of structure may be found by integrating 
the thickness as a function of the surface area of the vehide and then multiplying 
this volume of the structural materia! by its specific weight. 

the satellite surface has an ogive shape whose total surface area may be expressed 
as an integral of the rate of change of the radius of the ogive". The value of the surface 
area is computed by integrating over the length of the ogive. The total length is deter- 
mined by the volume and the body diameter required for the satellite parload, the 
quantity of propellant required by the vehide, and the length of the powemlant section. 
Volumes for the 350-, I000-, and 2000-Ib satellite payloads are 35, 60, and 80 ft*, 
respectively. The body diameter of the parload compartment is believed more than 
ample to house the television, camera-transmitter and attitude-control comments. Pro- 
pellant quantity required is determined from the ratio of initial propdlant weight to 
initial gross weight. r t given by the flight trajectory (see Fig. 35), the propdlsnt 
density, and the ullage, Outage, and evaporatioQ losses.'"' The equations for the length 
of the r»werplai&cumparaiient are developed in Ref. 33. 

The orator-mount structure, powerphnr, plumbing, and auxiliary equipment weights 
also are determined in a manner similar to that of Ref. 33. As previously stared, com- 
poeerit performance and weights are those which may be expected in 1954. 

The control-system weight, W„ however, is empirically determined from existing and 
proposed missiies and, for the vehide-gross-weight regime considered in this study, may 
be expressed as JF e = 48 + 0.008063^, where W h the initial stage weight 

The procedure noted above for determining the vehide's structural weight provides 
the optimum, or "ideal," load-carrying sheet-stiffener combtnatioa. To furnish the addi- 
tional structural weight necessitated by access doors, -noaoptunum-sheet-thickness gauges, 
as well as handling and fabrication requirements, a miscellaneous structure allowance of 
20 per cent based on total vehide structure is induded. 

As a check on the validity of the above type of analysis for evaluating structural 
weight, it is of interest to compare the structural weight to gross weight ratio thus deter- 
mined with that of an existing missile. The Glenn L Martin Company's Viking, a 
high-altitude sounding rocket, has s gross weight comparable to that of the I000-Ib 
payload, 350-mi-aJtIttjde orbital (two-stage) satellite. The satellite's fuselage, tanks, 
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and motor mount total 590 lb as compared with 673 !b for the similar items of the Viking 
missile. 1 * 11 This results in a structural weight to gross weight ratio of 0.061 for the 
satellite and of 0.068 for the Viking. It should be noted that the satellite's rocket -motor- 
compartment covering is an integral part of the booster and is carried away at booster 
separation, hence its weight is not included in the above satellite ratio. 

The integral pressurized-type structure employed in the satellite booster is similar to 
the tank section of North American Aviation's Navaho missile. Extensive physical testing 
at the N.A.A. Aerophysies Laboratory of pressurized, full-scale, 70-in.-diameter, 0.020- 
gauge, welded 18-8 stainless steel (& hard), tank-type structure in both the stiffened 
and unstiffened condition has been conducted, and the structure possessed adequate 
margins of safety at all the design conditions. <"><*'» New techniques were developed 
to overcome the structural and manufacturing problems encountered. As an example, 
joints made by seam welding and mash welding result in uniform characteristics ap- 
proaching the strength allowables ot the parent metal, even in the *=-haxd condition.'"' 
The satellite's booster-tank structure, in order to resist the compressive loading resulting 
from the vehicle axial accelerarion, is designed of plates of varying thickness with 0.02O 
established as the m : n' m " m sheet gauge. Internal stiffeners axe provided to accommodate 
handling, transportation, and erection loads. 

The satellite's booster-rocket-fflotor weight is that expected by 1954. North American 
Aviation s current effort on their 75,000-lb-chrust motor for the XLR43NA-I propulsion 
system is being devoted to the development and production of a light-weight tubular 
motor. Preliminary estimates '"' indicate the expected thrust/motor weight ratio to be 
apprccataately 200. The booster motor weights alauated for the satellite missiles 
exhibit thrust/motor weight ratios of approximately 180. 




Fig. 40 — Total vehicle gross weight fig. 41— Told vehicle dry weight as 
i function of poylood weight for a function of pgylood weight for 
varying orbital gltitudw 




orbital altitudes 



Toral vehicle gross weight and dry weight 
and satellite dry weight arc shown in Figs. 
40, 41, and 42, respectivel)', as functions of 
payload weight for various orbital altitudes. 
It is of interest to note that, in the regime 
of payload weights and orbital altitudes con- 
sidered, the variation of gross weight is 
virtually linear with iwpect to these vari- 
ables. For a 350-mi orbital altitude, an 
increase in payload weight from 1000 to 
2000 lb results in a gross-weight increase 
from 73.600 to 125.000 lb. Figure 40 also 
shows that if the 1000-Ib payload is placed 
on a 500-rni-high orbit, a vehicle of 79.^00- 
lb gross weight is required. 



SUMMARY 

Tabic 6 is a weight summary for a lOQO-lb-payload, J^O-mi-orbital-altitude satellite 
vehicle; which is boosted to altitude by hydrazmc-Iiquid-oq'gcn'propened rocket motors. 
As stated above, this vehicle's take-off weight is approximately 73,600 lb and. as shown 
in Fig. 39, its length is 53 ! -5 ft. The initial gross weight of the second stage is 9700 lb, 
and the vehicle is 21fe ft long;. The orbital weight of the satellite is approximately 
2200 lb. 
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VII. CONCLUSIONS 



The various components constituting a satellite vehicle to be utilized for reconnais- 
sance have been shown to be individually feasible to various degrees. To combine these 
parts into a reliable operating whole will require considerable basic scientific and engi- 
neering effort- No radically new developments are indicated, however; rather, a recon- 
stitatJon of known theory and art tn rocketry, electronics, engines, and nuclear physics. 

More specifically it has been found that a two-stage rocket vehicle weighing about 
74,000 lb and carrying a 1000-lb payload of television, powerplant, and control equip- 
ment will be capable, at the least, of conducting weather and picneer terrestrial recon- 
naissance, Le, with a resolvable surface dimension of about 200 ft The reliability with 
which this operation is carried out will depend mainly on the state of refinement of the 
electronic equipment. The reliability will detenriine, to a major extent* the time duration 
of the useful activity of satellite reconnaissance. Beyond a period of a few days, the 
over-all size and payload requirements of the satellite vary only by a small amount; a 
satellite designed for a year's operan'oa wili be little different from oae designed for 
two weeks* useful life. 

To increase the utility of the reconnaissance satellite will require improvement of 
television emuprnent to 2 stare already attained trader laboratory conditions. Should 
such be the case, it is believed that minimum resolvable surface dimensions of the order 
of 100 ft can be provided wife continuous coverage over most of the USSR every day 
(over the entire target s y stem every other day); also that these dimensions can be further 
. reduced (at the expense nf daily coverage) to values as low as 40 ft, complete cover- 
age being attained after no more than a month's operation. With resolvable dimensions 
of this magnitude, a large portion of useful military reconnaissance an be acmmrnodaied 
by the satellite vehide during periods in which weather permits ground observations. 
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APPENDIX I 

EFFECT OF SCANNING ANGLE AND ORBITAL INCLINATION 

UPON MINIMUM RESOLVABLE SURFACE DIMENSION 



The purpose of this appendix is to extend the discussions in Sections I and II, which 
are concerned with the general constraints imposed by orbital and television consider- 
ations, respectively, upon the utility of the satellite as a reconnaissance device. 

For cample, it is intuitively dear that for a given viewing angle, the width of the 
visible strip on the earth increases with altitude. However, the resulting effects upon 
focal length, frame frequency, pass bandwidth, signal-to-noise ratio, etc (see also 
Appendix 1|), are not so readily apparent. 

To continue with a summation of several of the more interesting effects of increasing 
the orbital altitude, the maxi m um number of possible views per day of a point target 
also increases, as does the average inclination of the line of sight between the satellite 
and the target (straight down being zero indinanon). However, it is probable thai the 
width of scanned strip Oft the ground will be determined by considerations of frame 
frequency, tube resolution, etc, and thus the width will be virtually fixed regardless of 
altitude. In this case, the average indination w31 decrease, rather than increase, with 
increasing altitude. 

ASSUMPTIONS AND LIMITATIONS 

Although k will eventually be necessary to determine the optimum value of tie 
several parameters in order to obtain the maximum information per day, no study has 
been made to determine the sensitivity of the "resolving power" of the over-all system 
to these various factors. A complete analysis would include a study similar to this one, 
wherein scanning angle is the principal variable, not only for a variety of orbital heights, 
but also for a variety of oriw'til rrulinarjons to the equator, as a function of target latitude. 
In the work discussed thus far, both of the latter items were held fixed. 

The Optical system considered here is an Image Otthicon camera lens of 2-in. aper- 
ture and 20-in. focal length; these values are selected (from data in Appendix II) so 
that at contrasts of about 20 per cent and in sunlight,* the minimum resolvable surface 
dimensions will be small enough to yield useful information. A graded filter will be 
induded as an iris to control tic photocathode illumination. 

The following are assumed values for the parameters held constant: 
The orbital altitude is 350 mi; 
The optical system is an f/10, 2*in. aperature, 20-in. focal length camera; 

s viewed during trie day for the rtuoos given in Appendix II 
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The target latitude circle is held tangent to the southern edge of the r 
northerly portion of* the scanning area 




OBSERVED AREA AND SCANNING 

On an orbit 350 mi above the surface of the earth and with a 20-iq. foot length, 
the-T-in. square (phofoatbede) will cover, in a single picture, a. square on the ground 
only 17.5 mi en a side; io making a complete revolution around the earth, it would 
result in an observed* region that would be a strip 17-5 rni wide. This seems to be a very 
narrow band, and the temptation tointroduce the complication of an optical-scanning 
njechanism is great enough to warrant consideration of what gain couldresult from the 
use of such a mechanism. It is conceivable that the inclusion of a scanning mechanism 
could increase tenfold or twentyfold the number of times the target would be seen. If 
such should be the case, the decrease in reliability and the increase in weight, within 
limits of course, would be more than worth while; by careful design, the power con- 
sumption increment could [be kept negligibly small. 

If the target were a point and the observed strip were a line, and if the satellite 
passed over the target once, it would never do so again unless the period of revolution 
of the satellite were integral with the period of rotation of the earth relative to &t 
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satellite's orbital plane. If the target 'a on the equator and the satellite pursues an 
equatorial orbit, then the target would be observed at each pass. This would also be 
the case if the target is one of the poles and the orbital plane is perpendicular to the 
equator. However, if the target is at some intermediate latitude, say 55° 45' 20" N.,* 
then the percentage of the total number of passes during which the target is visible 
will be a function of, among other things, the width of the observed strip. The nature 
of this dependence, if expressed in an analytical form that would tell exactly the number 
of revolutions during which the target would be visible for any finite number of succes- 
sive revolutions, is rather complicated. However, the percentage of successful "passes," *s 
the number of revolutions increases indefinitely, will approach » constant that can be 
evaluated largely by the geometrical consideraaoas, which will be amply accurate at this 
stage of the investigation. 

SCANNING ANGLE AND TARGET OBSERVATIONS PEI DAY 

For the present purpose, the plane of the orbit can be considerc-I as being invariable, 
i.c, as having no motion other than translation; also, the mo ion of the earth around 
the sun can be disregarded. In Figs. 43a and 45b, this plane L seen edge on; Kg. 4$c 
is seen perpendicular to the orbital plane — a standard orthographic projection. The 
scanning mechanism is assumed to operate so that successive pictures will be ordered 
(in the longitudinal direction) by a constant increment of distance. This is done for 
two reasons: first, the mechanism will be simpler; since scanning in one coordinate is 
accomplished generally by the satellites morion; secondly, everything that comes into the 
field of view is seen when it is at its minimum distance from the vehicle (see Fig. 44). 
Obviously, the more of the target's latitude . Sol , Mi , t ', ^^ 

circle that lies within the area scanned by 
the satellite, the more frequently the target 
will be seen, and it is with this fa mind that 
Fig. 43 has been drawn with the locus of the 
target's position tangent to the far edge 
(in the diagram, the southern edge) of the 
scanned area. The target "enters" the scanned, 
region at B and leaves at A. When the satel- 
lite is in a position to see the target at fi, 
its position is B'; similarly, the satellite's position is at A' when viewing the target at A. 
In Fig. 43i, point S is the position (to scale) the satellite would have on a 350-mi- 
altitude orbit. The fraction of a total revolution that the target spends within the strip 
is e»r/2x, where e» r is the Mglc subtended by the arc ACB as seen from the center of the 
target's latitude circle. This fraction is the probability, at any time picked at random, that 
the target will be within the scanned region. If 4> T /2v = 0.25, then the target will be 
in the scanned region for a quarter of a day at a time, during which time the satellite 
will make a little over 4 revolutions. During the subsequent 18 hr, about 12 revolu- 
tions of the satellite, the target will be invisible, and then the cycle will be repeated. 

• Latitude of Moxow. 
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The expression given for the average number of observations per day has been plotted 
in Fig. 45 as 2 function of maximum scanning angle (measured from the vehicles 
vertical) for an orbital altitude of 350 mi and a target latitude of 55° 45'. It is of 
course assumed that the period is one during which the target is seen during the 
daylight hours. 

If this relationship were the only criterion, the choice of scanning angle and inclina- 
tion of the orbit to the equator would be a scanning ingle of 66.75° (out to the satellite's 
horizon) and an orbital inclination of 79°, which give the maximum average number of 
observations (8.77) per day. A little reflection will show, however, that at this orienta- 
tion the average inclination of the target Surface to the line of sight (or, what is the 
same thing, the zenith distance of the satellite as seen from the target) and the average 
slant ongc might be undesirably large. Finding the true mean values of these quantities 
as a function of scanning angle requires a rather involved computation and graphical 
integration and adds very little to the following more elementary considerations. 

SCANNING ANGLE AND MINIMUM RESOLVABLE 
SURFACE DIMENSION 

In this discussion, what Is meant by rrunimum resolvable surface dimension, S, is 
the linear separation of two objects at the target when it u just possible to see that they 
arc distinct and not a single object When the scanning angle is large (bence farge slant 
range), S will be different for two points at the same range if the line joining One 
pair of points is parallel to the satellite's motion and the line joining the second pair is 
perpendicular to the satellite's motion. For the latter, S will be the smaller, which' of 
course is the result of foreshortening due to the indinstion of tie target plane to the 
line of sight. The manner in which S (actually plotted it is So?" 1 ), in the parallel and 
perpendicular directions to the satellite's motion, varies with the scanning angle is 
shown by Fig, 46, curves 1 and 2, respectively. Curve 1 assumes simply that S varies 
in proportion to the slant range; curve 2 is obtained by multiplying the values of curve 
1 by the secant of the associated zenith-distance of the satellite as seen from the target 

Referring again to Fig. 4$a, when the satellite is observing the target at small 
scanning angles, the target is in the neighborhood of the intersection points E Of the 
target's locus and the great circle joining points A' and B'. large scanning angles, of 
course, occur when the target is seen near the edge of the scanned region, as at A, 8, 
and C Since the target's locus is tangent to the edge, of the scanned region, the target 
will be seen it large angles of scan more frequently than at small ones. Hence the mean 
value of the scanning angle at which the target is seen will be larger than half the 
maximum, probably about 0.6 of the maximum value. By using this rather qualitative 
information, it is possible to do some guided guessing. It does not seem wise to go to 
scanning angles so large that S increases to twice the value it has when the target is 
vertically below the satellite. In Fig. 46, the arithmetic mean of curves 2 and 3 has a 
value of about 0.5 at a 50° scanning angle. Since the horizon comes into view at 66.75°, 
and 60 per cent of this is only 40°, this criterion alone would indicate thai scanning 
should be carried to at least 40°. Referring to Fig. 45, the number of observations per 




fig. 45 — Average number of 
observations per day vs 

n scanning angle 



Fig. 46 — Scanning angle, y, vs appar- 
ent thickness of haze layer, index of 
resolving power perpendicular and - 
parallel to the satellite's path, and 
width of observed strip ■ 



i rapidly in this region that the temptation to cany the scanning to 



SCANNING ANGLE, ATMOSPHERIC HAZE, AND 
PICTURE FREQUENCY 

However, there are two more factors to be considered: the atmospheric haze and - 
the number of pictures to be transmitted each second. 

Atmospheric haze affects the resolving power by reducing the contrast in the scene; 
contrast is independent of range except insofar as the atmosphere scatters light into the 
optical system. The haze layer of the atmosphere, which produces most of the scattered 
white light, varies in thideness from 3000 to 5000 ft. The existence of this layer seems 
to be due to turbulence in the surface air carrying suspended matter, moisture and dust, 
up from the ground. This layer is densest at the ground level, naturally, and the meteoro- 
logical service, furnishes many year-round observations of the visibility at the surface at 
points well scattered over the United States. From these observations it is found that the 
visibility is between 7 and 12 mi about 80 per cent of the time. Hence, when the scanning 
angle is large, and if the optical system's line of sight passes through 5 mi or more 
of this haze layer, the scene contrast will be considerably reduced, but with a consequent 
increase in size of the minimum resolvable detail. Curve 3 in Fig. 46 was computed 
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od the assumption that tbe haze layer was 4000 ft thick and of uniform transparency; 
it sho^s that no appreciable loss of detail is to be ejected oat to scanning angles of 
about 65°. Ibis coodostoa is borne oat by m exirninarioa of the pictures taken from 
tfae A-4 at an altitude of 100 ruL "The clisappeararice of all sorfior detail oear the horizon 
is so sodden that when scanning across tibc pktcre, the borhoe, seems to has? been 
readied 1° or 2° before it actually- has. However, if the subject being observed h tbe 
dood fo r.T.iIt oc s (in the vicinity of the target), which usually octet above the 5000-ft 
level, the haze layer win present Do obsefTarJon dnfknftks. Grasequentxy, if the satellite 
is to be z fneteorologkal observatory, sonomg should be carried to tbe horizon, and tbe 
orbs oriented so thai tbe target's b&cde drde is tangent to the sootbem edge of tbe 
ohscnrzHe icg-cc* 

Gere 4 of Fig. 46 is a plot of die width of tbe observed strip as 2 function of the 
scanning angfc for tbe 350-ca-ocbfeaI-aitfeade cue. 

Fb j te nit ery, the tesahtng pewer of the- TV camera is not too sensirive to variations 
na picture fressascj, at feast net hk tbe rssgc cf rdbes ftoa 10 to 50 frataes/sec whkb 
w31 be recn t red according to tbe analysis ex Appendix H. 




Rg. 47 — Vi«w»d pattern resulting from proposed optical-scanning system 



Figure 47 shows to scale the partem on the ground that the proposed method of 
scanning would produce. In this figure, three successive half-scans are shown, from 
directly below the satellite out to a scanning angle of about 46°. The line on tbe left 
of the diagram is tbe locus of the point that is vertically below the satellite. The vertical 
lines paiallel to this are each 2.87° apart (the angular field of the television camera) 
as seen from tbe satellite, and therefore the space between them is the extent of one 
picture. The scanning is so timed that there is complete coverage with no overlap below 



the vehide; consequently, the scanned strips overlap (see blackened portions) in the 
direction of the satellite's motion at the large scanning angles. It is thus clear how the 
required number of pictures per second is determined. The total angular scan divided 
by tie angle subtended by one picture gives the number of pictures in each strip, which 
must be taken in the time required for the satellite to move the width of one strip it 
it narrowest place. Le., 17.5 mi. or 4.39 sec. Scanning to the horizon, therefore, would 
require about 11.5 picture* per second; for the 20-in. focal length, this is the n 
required under any rirtufflstaflces. 



It is highly desiraM- to find some kind of "information index* by which mens the 
proper choice of the parameters of this problem could be made and thus eliminate the 
need for any en gi ne erin g judgment- Since any pickup device has an ultimate resolving 
power as a property of the surface on woks the image is formed, the area of this "ulti- 
mate spot" divided into the total area of the image surface gives the number of Separate 
pieces of mfonnatioa test gq be contairted in one picture. Or, rite ares covered by the 
image of the target chichi by the area of the ultimate spot is a measure of the number 
of separate bits of mfonsatiGo received from the target. The area of the image drnded 
by the square of the focal length of the camera optical system is the solid angle sub- 
tended by the target; a± present anting, this seems to be one of the quantities whose 
ny-n vaJtoe is to be optimized. Gatainly another tonally important item is the araage 
number of views of the target per day. The product of these two quantities could be 
the sought-for reformation index. The detailed optimization then would consist of com- 
puting these two numbers as a function of m a x imu m sca nning angle, orbital height, 
camera lens focal length, and a variety of other parameters such as orbtCsl indinalion 
ind tzrger Utitude. 
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APPENDIX II 



This appendix presents more detailed analyses of the design cnosideratioris pertinent 
> the tdeviaoa cairiexa-trarismitter-receiver system necessary for satisfactory reconnais- 
tnce from the satellite. 



TELEVISION CAMESA 

Smallest Sssefvacle Surface Object 

Although the possibility of telepboto rctcanaissance freffl a satellite m an orbit 200 
to 500 mi above the suffice of the earth is attractive for several reasons, toe Kmttafin.it 
imposed by tbc height 2nd speed of this veHde upon the aualfty of the television pictures 
obtained from k sbould be appreciated at the outset Given adequate optical, transmitting 
tea&eag and recording eqarpment, the effective resolntton of the telerisJoa system vQl 
approach ibit of tbc tcknston camera or pickup tube The size of the iraallrst resolvable 
surface object is then determined by a simple geometrical edition: 

1.056X1°** _ I0 5 6 X 10*i 



*= \P - . ' (5) 



where £ = smallest resolvable surface dimension, ft 
b = height of the satellite, statute mi 
F = focal length of the television camera, in. 
ip = width of the pickup tube pbototarget, in. 
n = resolution of the pickup tube, TV Kne/ia. 
if = resolution of the pickup tube, TV hnes/frar. 



i resolution attainable under favorable operating conditions with tbe 
best available pickup tubes is of tbe order of 500 to 1500 TV lines/in. (or 500 to 2000 
TV lines/frame); the maximum usable value of tt>e ratio F/u> is of the order 20 to 100, 
depending on the time constant of die pickup tube and the surface coverage per revo- 
lution required; the mean orbital height under consideration is-350 mi. It follows that 
the si2e of the smallest surface object resolvable by satellite television will lie in the 
range of about 25 to 370 ft, with 125 ft a probable representative minimum value. 

The foregoing estimate of the order of magnitude of the minimum surface dimension 
resolvable in a picture obtained by satellite television may be taken as the present abso- 
. It will be approached only under operating conditions such that the 
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over-ail resolution of the system approximates that of the camera tube, and then only 
under conditions of scene brighiness, contrast, and exposure time such that the effective 
resolution of the pickup tube approximates its maximum or "limiting" value. It can be 
significantly reduced only by substantial sacrifice in surface coverage or by major im- 
provement in the design of television pickup tubes. 

Equation (3) applies strictly to surface objects lying directly beiow the satellite orbit 
only; for objects so located as to subtend an angle 8 with the downward vertical at the 
satellite at fee instant of exposure, 4 will be increased by a factor roughly equal to 
secant 9 (neglecting the earth's curvature). But since the maximum angle of obliquity 
at which useful pictures may be obtained is probably las than one radian, this correction 
involves a less thaa twofold increase in the minimum resolvable drn 



Limiting Resolution of Pickup Tubes 

The limiting or maximum resolution of a pickup tube, dis cu ssed more fully in the 
body of the repoa and noted here in the interest of confintaty, is the upper Emit imposed 
by the finite size of the scanning beam or of the individual dements composing the 
photoseasitire target The best present pickup* tabes (Image Orthicons and Vidicons) 
have limiting resolutions cf the order of I5G0 TV lines/in. of photosensitive target 
surface under favorable aad well-controlled operating conditions. It is probable that the 
limiting resolution of such a .camera tube in unattended operation in the satellite Till be 
substantially fcssc of the order of 500 to 1000 TV Hces/in. 

Effective Resolution of Pickup Tubas 

The effective resolution of the camera tube may be less than its limiting resoiutioo 
and will approach the latter as an upper limit only under favorable conditions of scene 
contrast, pnotocatfcode illumination, and exposure tiroe. Dr. A, Rose of the RCA, lab- 
oratories has shown** 1 ' that the high-iight performance of any visual device, whether a 
television pickup tube, a photographic film, or the humac eye, may be described in terms 
of a general equation: 

K»=l*£*. (4, 

in which B =s high-light scene brightness, ft-L 
C= scene contrast, percent 
P = angle subtended by the smallest resolvable picture clement at the optical 

center of the camera, lens, min of arc 
k = threshold signal-t^noise ratio 
a = diameter of the effective aperture of the camera, in. 
/ = exposure or storage time, sec 
— quantum efficiency of the pickup tube photopnxess, i.e., the fraction of 

the incident quanta usefully absorbed in the device. 
The threshold signal-to-noise ratio has been found to have a minimum value of about 
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i contrast of 100 per o 
according to the approximate relation 



t and to vary inversely with fee c 



1 TV lines/in. by the relation 
(6) 



Tin angle may be expressed la tetaa of teolutn 

. 57.3 X 60 

' 74— 

where / denotes the ratio (F/a), or focal length divided by effective aperture. In pickup 
cubes of the full-siorsge type, such as Image Orthicoos and Vidicons, in which light 
(joanta arriving throughout the scanning period are usefa% employed in the photo- 
proeess. the exposure time ts simply the frame time or the reciprocal of the number of 
frames per second. With the indicated substrtuaoas, Er*. (-4) reduces to 



o which, a = effective resolution (high-iight porti 
TV lines/in. 
N = frame fretrueccy/sec 
B/f 2 = ioddsst fllarainaxica on the pkiap ft 
losses), lumens/ft 1 * 
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e pbocosrhede (neglecting less 
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Fig, 48 — Performance characteristics of Image Orthicon pickup tub* 

The quantum efficiency $ is a measure of the sensitivity of the pickup device and is 
function of scene brightness and therefore of the phctoathode illumination. In the 
ise of the Image Orthicon type of pickup tube (see Fig. 48), $ increases from i value 
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of about I0- 1 at an incident illumination of I(H lumens/ft 1 to a maximum of about I0~ l 
at an illumination of shout 1 lariwn/ft* and then decreases with further increase in 
illumination in such Banner that the product fl(B//*) remains constant and equal in 
magnitude to about 8 X 'HH for illumination levels higher than 1 lumen/ft 1 . This 
drcumstance simplifies Eq. (5), with the result that the effettrre 'ftsolsiktn' kj the high- 
light portions of a picture obtained with an Image Oflbiccw pidcap tube £. threshold 
operation under conditions of high-level tUuminabon (values of B/j 3 grearer thaa unity) 
is given approximately by 



9C 



(8) 

As for the Vidkoa-trpe pickup tubes, there is littie quantitative information available 
iq the literature pertaining to the functional dependence of i£s quantum efficiency upon 
incident tllumisitica and frame frequency. General statements made m the one pub- 
lished artide dealing wftfa modern pbcKOcooductrVe araera tubes"* 1 would indicate 
that (his type inherently possesses substantially higher seasirmtjr thaa rjhotoeaussive types 
under scene brightness conditions, resulting in pitotacztaode jfoirnCTittoas greater than 
a few lumens per square foot. Eur time lag £a the photocoadactfve target has been ore 
of the greatest eufnculoes in the development of Vldfcoa pickup tabes, and it is doobt- 
ful whether this higher seasitmry would necessarily imply higher effestrrc resoIcSoa st 
the reJativeiy high frame frequendes which wifl be required: ia satelli t e telewisioa. The 
time constant of the target will also limit the performance of Image Orthicoas, bet to 
a less serious extent While the effective resolcboa of tie Vidkoo. probably varies with 
contrast as indicated in Ess. (7) and (8), all following quantitative esSmales of resolu- 
tion as a fncctioQ of contrast are codfraed to image Qflhicoo. camera tubes. 

Ovtr-ofl Xtjelotion 

"The resolution of the televmoa picture recorded by a movie camera at the ground 
statics will be-poorer than that of the pickup tube. The complete TV reconnaissance 
system may be regarded as a series of imperfect aperture processes, each possessi ng a 
finite resolving power which rsay be expressed in terms of resolution ia TV lines per 
frame. The over-all or final resolution, of the system has been shown (,tl to be grren by 



where the Hi's 
system these ar 



ire tbeTCSolurioas of the individual processes. In the case of the proposed 

»,, the effective resolution of the TV camera optics 
nv, the effective resolution of the TV pickup tube 
s„ the effective resolution of the transmission link 
a„ the effective resolution of the kinescope 
ra 3 , the effective resolution of the movie camera optics 
»g, the effective resolution of the movie camera film. 



The resolutions n, and » 4 are determined by diffraetiofl effects at the effective aper- 
ture of the respective leas systems and we given by 



3.4 X 1Q*«> 



TV* tines/frame, (10) 



where / is the ratio of foal length to effective aperture and w is the «fdrji of {fee pickup 
tube phototarget or film frame, ia inches, assuming circular apertures, -white light, and 
focal fields at least etmal in size to the pfaototarget or film fra m e By using camera 
optics of suitably small f numbers, w, and «, aabe made arbitrarily large compared 
with », and hence made to have a negligible adverse effect on *v 

The resolution rr 3 is derermined fay the bandwidth of the trarismlssioa lint «ld *"&&■ 
perfectly flat receiver and tra nsmi tter response characteristics, is simply equal to the 
number of scanning lines per frame. In genera!. n 3 will be of ine same order of raagiai- 
tcde as 17. and therefore will hare a significant effect on ^ 

The resolutiOQ n t is determined Erj the ratio of the effecuve «n'drb of the kinescope 
screen to the size of the scanning beam spot and. by using large-diameter tmesccpes 
with well-designed electron optical systems, can be made large compared with »~ 

The resolutica «^ is de t e rm in e d bj the grain size of the photographic film; it is of 
the order of 140 TV Hoes/mm for slow, Hgfr-defiaitiss asswte fSm, or abets 2245 TV 
lioes/fisac for 35 mm Sim (16 ess frame height); by sang soffideatly large film, 
Sc can also be made large compared with »- 

For example^ the overall r e soluti on of a system using x pickup tube having an effec- 
tive resolutioa of 1000 TV lines/frame and an opdc-Knescope-fflm-combmed resolution 
of 5000 TV lines, will be about 950 TV teKS/frasse. 

Scene Brightness rn Satellite Tcfarision 

The brightness of a diffusely reflecting surface is given by 

B^pE, (11) 

where B = brigh t ness, ft-L 

£ = incident JHammafaoo, ft-c 

p = aibedo,.or coefficienfof diffuse reflection, of the surface. 

The upper surfaces of stratocumulus douds approximate perfectly diffuse reflectors 
of albedo, given as a function of the thickness of the doud stratum in Fig. 49. Since 
the douds of prindpal interest will normally exceed a thickness of 200 meters, it is 
reasonable to use the generally accepted value of 0.8 for the albedo of average 
doud formations. 

The albedos of various terrestrial surfaces are given in Table 7. 

The brightness of douds of average albedo 0.8 illuminated by various extra-terrestrial 
sources is approximately as indicated in Table 8. 

The daytime illumination provided by direct and scattered sunlight at the surface of 
the earth is a function of altitude, latitude, season of year, time of day, state of the 
atmosphere, and of the presence or absence of doud cover between the sun and the 
surface area in question; it varies in value, at middle latitudes, from 100 to 200 ft-c 
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fig, 49— Albudo of dcudi as a function of ctaud-Iaytr thidams 

near sunset or sunrise to more than 10,000 ft-c when the sun is near the zenith on 2 
dear 0*17. The brightness of the brighter surface objects, in dajtime, will therefore range 
from about 100 to about 10,000 ft-L 

Seen* Contrast 

Contrast is defined in current television practice as 

c = (hzls\ m % = ^1£^100% , (12) 

where B B and B axe the brightness of adjacent brighter and darker areas in the scene 
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Tablt 7 
ALBEDOS OF TE8BE5TSIAL SURFACE 
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TabU J 
THE MIGHTNESS OF STWTOCUMULUS aOUDS« 



Sosr* 


SeellirMisaitode 


Htll-WMtWII 


Cloud Bdxhcscff 
(ft-L) 


Pullman 

Hilf mooa 
Night slqr 


— 26,7 m 
— 12.7 m 


OJ125 


8,000 



•The data ia this title ire based oo 4 e ar 
widely different values feead ia istnmraiqr, optia, tad i! 
gmsoing testfesois «od ia taiious faadboola. The light of the range 
edoooIcw aight dcy, £o with temperate lititudes, is taken « the ecuin- 
(art of thit emitted by 6000 first-magnitude stars. 
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viewed, respectively, and p B aid p a arc the corresponding surface albedos. The contrast 
of clouds of avenge albedo 0.8 viewed against various surface backgrounds is readily 
determined from trie foregoing tables; typical ranges of values are as given in Table 9. 



Ercshsww 0-15 

Old soov, sake 25-50 

Gtow& (ill Hods) 60-90 

Smooth sea 50-95 



Minimum Seen* Contrast 

It is evident from Eq. (8) that there will be a minimum scene contrast fedow which 
the effective resoluti aa in the high-light portions of a picture obtained with an Image 
Qrthicoa cunerz tube may be expected to become rapidly less than the tube's limiting 
resolution. This "■»'""" contrast is tabulated is Table 10 for typical values of frame 
frequency and Ifmrtrag resolution. 

Teh!. 10 



(perKc) 


(S&) 


«=500tV 


»=1000TV 
lines/To. 


*= 1500 TV 


10 
60 


13 


19 
30 


23 
56 



Depsading oa frame frequency and the limiting resolution of the pickup tube, there 
is a minimum scene contrast, averaging about 20 per cent, above which the effective 
resolution approximates the limiting resolution and below which effective resolution 
drops off SO rapidly with contrast that the pictures are soon useless. For example, the 
effective resolution of an Image Orthicon pickup tube having a limiting resolution of 
1000 TV lines/in. and operating under high-scene-brightness conditions at 30 frames/sec, 
will vary with scene cootrast approximately as indicated in Table 11. 
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EFFECTIVE BE50LUTION AS A FUNCTION 
OF SCENE CONTRAST 

Contrast Effective Kesoluuoc 



Surfer* Covcragt and Focal iUngth 

The angle of view of the sateiiite's television camera is given by 

a=-— = -^ radians, (15) 

where I> is the width of the surface area viewed, in miles. From the point of view of 
resolving power, it is desirable (see Eq. 3) that the ratio F/tr be large. The angle of 
view will therefore be small, and the width D of the "square" of surface viewed in 
a given frame will be small compared with the height of the satellite. But if the satellite 
ts to be useful in surface reconnaissance, it should provide a coverage, on each orbital 
revolution, of a be!t of surface having a width comparable with, and preferably larger 
than, the height of the orbit. It is therefore necessary that the camera incorporate an 
optical-scanning mechanism by which the small angle of view may be swept through 
the much larger angle over which coverage is desired. 

The simplest means of scanning a wide-surface belt as the satellite sweeps by in its 
orbit would be to hive a series of approximately transverse stiips, each having a length 
s equal to the width of the belt and having a width D m the direction of motion. Each 
strip would be scanned by lateral deflection of the optical axis of the camera by means 
of an inclined mirror actuated by a Swiss-gear escapement, or similar intermittent or 
optical equivalent mechanism (see Eg. 14, page 19). The time / available for Scanning 
each strip is equal to thzt required for the radius vector to the satellite to move through 
the distance O on the surface, that is. 



(14) 



where V is the linear velocity of the satellite referred to the surface. The minimum num- 
- ber of individual pictures, or "looks," in each transverse strip is given by the ratio of 
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the coverage angle 2y (the total angle subtended by the belt width, or strip length, j 
to the angle of view, that is. 



Number of loots = -X = 2y — , 



(15) 



md, therefore, the Tini*- jta number of teaks, or frames, per second is given by 



-mi- 



where 2y is the coverage angle in radians* and C is the surface velocity in miles per 
second, This reUitoa ckterrnirses a maximum usable value of F/u? consistent with com- 
plete coverage of a belt of given width ai a given frame fraqaency. For example, in the 
case of a 350-mi-aItitude satellite used for reconnaissance over x belt of Wrf*^ 800 
mi wide, 27 is approiimar-Iy 90° (1.57 radians) and K is about 4 J mi/sec (neglecting 
the rotation of the earth), and the maximum value of F/» for varices frame freqt;ertOes 
is as tabulated below: 



PrcsecEty available pidarp tcbes employ stpare photscsigds of widths nagjag from 
acoct % in. in a; small Yidicoa to about 1& ia. m the large crxnmerdal Image Orthicon; 
focal lengths raogtcg f rora 14 Co 40 ia, depending oa the type and size of the pickup 
tube used, axe therefore the Isrgest, conssteot vim the specified coverage at ordinary 
frame frwjceodes (about 30/sec). Time lag in the target (picfaxe *stiddog") may 
cause deterioratioa of effective resoktiba, at higher frame freo^teodes, particularly with 

prea in ten=s o£ tne best viaQ s, tbe orixixl haxfct Is, *a£ earth's 

(*) 
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3 Tsltxs of J are uholxted bdov for the c 



The widest bdt width girea is that at the edges of which rajs from the satellite are iaddea 
grazing angle of 5*. the miiaimnm below which atmospheric absorption, md distortion will r 
deteriorate the qratlrtv of oeserTattoos (see also Hg- 45, page 85). 
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present Vidicons, under circumstances requiring that each successive frame constitute 
a lock at an entirely different scene. (It is well tc point out again that these considera- 
tions are conservative in vie*- of the Columbia Broadcasting Company "s sequential color 
system where 144 different frames/sec are used.) 

Camera Aperture 

The minimum aperture required for daytime-only operation of a satellite television 
camera is determined by two considerations: 

Pickup-Tube Illumination. The sensitivity of present pickup tubes, both Image 
Orthkons and Vidiccns. is such as to require photocathode illumination in excess of 
about i iumen/ft = for optimum performance, i_e_ for effective resolution approximating 
the limiting resolution of the rube. Neglecting lens losses, this illumination is given by 
the scene brightness in foot-Lamberts divided by the square of the camera f number. 
The brightness of douds illuminated by sunlight will be of the order of 2000 to 9000 
fr-L, depending oo cloud thickness; the daytime brightness of large surface objects will 
lie in the range 100 to 10.000 (t-t, depending on the elevation of the sun, the presence 
of doads bet w een the sun and the object in question, and its reflection coeffident. 
Taking 100 ft-L as the rninimum brightness which need be considered m daytime 
reconnaissance; it follows that the maximum camera f number is about 10 and, there- 
fore, that the minimum usable camera aperture will be about one-tenth the focal length. 

Aperture OrffrecHon. Diffraction effects at the camera aperture reduce the over-all 
resolution a m of a television camera to a value less than that of the pickup tube a. 
It is easily shown that the fractional reduction in resolution caused by diffraction of 
white light at a circular aperture is given approximately by 

where a is the resolution of the pickup tube in TV lines per inch and / is the f number 
of the optical system- Smcc it a much easier to increase the size of the aperture, thus 
reducing the adverse effects of diffraction, than to increase pickup tube resolution, this 
relation determines 2 maximum value of / for a given tolerable reduction in resolution. 
T=king *5 per cent as the largest allowable decrement hi resolution and 1500 TV lines/in. 
as the largest tube resolution which need be considered, the maximum usable f 
number will be about 18. 

It is apparent that the Optical design of the camera will present no problems, since 
for daytime operation any f number less than about 10 will be satisfactory. 

Contrast and SfgncI-fo-Notst latlo 

The minimum signal-to-noise ratio, S/N. required for transmission of a picture of 
contrast C per cent is given approximately by the relation 



Lj^wgittiiiii, A . 



Qamtmmtfr 



i this signal-to-noise ratio, the effective resolution of the pickup tube for low scene 
ists drops off from its maximum or limiting value as the contrast squared. The 
r power output required varies directly with the signal-to-ooise ratio and hence 
inversely with the contrast. While the sensitivity of present pickup tubes is great enough 
to provide output signal-to-noise ratios in excess.of 100:1* at high scene brightness, it 
is evident that it will be impractical to attempt to push operations to correspondingly 
low contrast levels. The optimum minimum working contrast is probably that at which 
effective resolution starts to drop off from the limiting resolution of which the tube is 
capable: this value is determined by the type (Le, its quantum efficiency and limiting 
resolution) and the frame frequency discussed above. For example, in the case of an 
Image Ortnitoc cf 1000 TV lines/in. resolution operated at 30 frames/sec, this min imu m 
contrast is about 25 per cent, corresponding to a required signal-to-noise ratio of 20:1. 
Operation of this tube under the same conditions on z scene contrast of 10 per cent 
would require a signal-to-noise ratio of" 50:1, or 2.5 rimes as much output power (assum- 
ing 100 per cent modulation), and would result in an effective resolution of about only 
165 TV lines/in.- At extremely low contrasts, enormous powers wQl be required to 
transmit a. picture containing practically co rnforrranoo, assuming, of course, that suffi- 
deni bandwidth to rxansnnt * mgh-contrast picture ts provided. 

Bandwidth 

A television picture of resolutioa tf TV lines/frame contains appradmately {jt*) b 
discrete dements, the signal for each of which may vary in magnitude through m half- 
tone steps. The maximum information content, J, of such a: picture is therefore given by 
,/ = »»-*». (19) 



The device generating these pictures must be matched by a transmission channel of 
equal capacity, given in standard tofOrmation theory by the relation 



, = (££ 



in which A/ is the channel bandwidth in cycles per second, t is the 
picture frame (die reciprocal of N, the frame frequency), and 

S/N _ 500/C _ 100 _ . 

k ~ 5 C * K ' 

the number of half-tone steps. It follows that the bandwidth required for transmission, 
in megacycles per second, is given by 

Aj" = I(b') , NXi0-», (22) 

-and, when tabulated for the various resolutions, is as follows: 



* Practical values ue shout S 
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Frequency 
(per sec) 


(Mc/sec) 


^=500 TV 


**=I00OTV 


K r =lW0TV 
liaa/Ja. 


30 


125 
3.75 


.ijo 
no 


33.75 



The ground recover bandwidth in a satellite television system will have to be some- 
what 'greater than die above figures to allow for a Doppler shift of the carrier f reoueacy 
due to the high radial velocity of the satellite with respect to the ground station; for 
example, in the case of a 350-mi-aIntude satellite, a 10,000 Mc television carrier fre- 
quency may be shifted by :±0.I3 Mc 

The required transmitter output power Is directly proportional to the bandwidth. 
Other dungs being equal, the combined drain of the transmitter, the modulator, and 
their power supply from the primary source of power will also be proportional 
to bandwidth. 



Resolution by Day 

Table 12 gives the approximate values of 5, the size in feet of the smallest surface 
object resolvable in daytime tdevisioo reconnaissance from * satellite m a 350-mi 
orbital altitude, as a. functioa of scene contrast and pickup tube resolution for several 
typical operating conditions. The "object" may be a detail of doud structure or any 
terrestrial surface not obscured by douds. Its di me nsion is computed from Eqs. (3) 
and (8) subject to the following assumptions: 

1. That the tdevisioa camera incorporatesan Image-Orthlcon-type pickup tube hav- 
ing a photocathode I in. square. 

2. That the tdevisioa earners, incorporates an f/10 optical system of negligible trxns- 

3- That the high-light scene brightness is greater than about 100 ft-L, so that the 
photocathode illumination will be greater than about 1 lumen/ft 9 ; 

4. That the capabilities of the transmitting, receiving, and recording facilities are such 
that the over-all resolution of the system approaches that of the camera; 

5. That coverage of a strip of surface of specified width is required per orbital revo- 
lub'on and is accomplished by means of an optical-scanning mechanism so arranged that 
each frame constitutes 1 look it a different piece of terrain; 

6. That the frame frequency and camera focal length are so chosen as to be consistent 
with the surface coverage required and with the attainment of the limiting resolution 
on scenes of contrast greater than about 20 to 25 per cent. 

Data are given in the table for systems covering surface belts 800 and 80 statute mi 
wide, respectively, using both low and medium picture transmission rates (10 and 30 
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Table 12 
SMALLEST RESOLVABLE SURFACE DIMENSIONS BY DAY 
Wide Coverage (Surface Belt 800 Mi Vide per distal Kerolutioa) 
I0/Scc Frame Frequency, 20-In. Foal Length, 2-Ia. Camera Aperture 





Xa>bdi» 




50OTVfcn«/!o. 


lOOOTVIiies/tft 


15O0TV3U(K3/I(i. 


Contrast 


(ft) 


P- 


tR> 


*>• 


(ft) 


P* 


>25 


370 


azs 


isit 


I-Gt 


125 


23 


I 


s 


031 


185 
295 


1-3 


165 


Z8 
5.S 


5 


2700 


L33 


2700 


511 


27QO 


n-o 


50/" 


sec Franc Fn 


"(jusxy. 35-Ia. Foal Length, 3-5-Ia. Cimera Aperture 



>50 


So 


0.75 


105 


3.0 


70 


6S 
6S 


20 


210 


034 


160 


3-S 


160 


8.4 


13 


285 


15 


285 


SJJ 


285. 
640 


■ Ixo 


5 


2600 


33 


2200 


15.0 


2600 


34.Q 



Najuo* Covzxaot (Suriirc Edt 80 Mi Wiiie p=r Oifcitil Rerolutioa) 
10/5ec Frame Frequency, 35-In. FocaTLeagth, 5.5-Iti. Cimerx Aperture 



>25 


135 


- 0.25 


70 




43 


23 


20 


135 


031 


70 


13 


60 


25 


15 


135 


0.4! 


103 


1.6 


105 


is 


10 


240 


0.63 


240 


2.5 


240 


5.6 


5 


950 


13 


950 


3.0 


950 


11.0 



30/See Frame Frequency, 9S-Ia.Ftt.il Length, 9-5-Ia. Camera Aperture 



£30 


80 


0-75 


40 


3.0 


24 


6-8 


25 


80 


0.75 


40 


3.0 


40 


63 


20 


80 


0^4 


60 


3.8 


60 


8.4 


15 


105 


U 


105 
240 


3.0 


105 


11.0 


5 - 


950 


3.8 


950 


15.0 


930 


34.0 
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frames/sec, respectively). The camera focal length specified in each instance is close 
to the maximum consistent with the indicated coverage and frame frequency. 

Data axe also given for three values of n*. the limiting resolution of the television 

500 TV Iines/frame-- ; typical of commercial practice and probably attain- 
able in the satellite at the cost of relatively minor 
* effort; 
1000 TV lines/frame — typical of the best present production equipment, 
possibly realizable in satellite operation after major 
development effort; 
1500 TV lines/frame — real i zed in present esperirneatal cameras under lab- 
oratory conditions, possibly realizable ia the satellite 
after intensive research and development effort. 
Table 12 also includes the corresponding values of the rdarve power P required 
for picture transmissioe, on the basis of unity for a system having a 20:1 maximum 
signal-to-noise ratio and 2 5-Mc bandwidth (equivalent to 1000 scanning lines/frame at 
10 frames/sec). It should be noted that unless the number of scanning lin« per frame is 
considerably greater than the camera, resolutiort, the cvex-all resolution of the system 
will be less than that of the camera, and the value of S will be greater than indicated in 
the table (see "Orer-aH Resolution," page 92). One important feature of the tele- 
vision system is that the number of "bits" of information, that mate up the picture 
are determined by the product of the frame frequency and the square of the number of 
lines of resolution of the system (almost that of the camera, tube itself if the rest of 
the system components have sufficiently high resolutions). The power to transmit the 
picture is directly proportional to the number of "bits" being sent at a given time. Thus, 
if a high frame frequency can be used, the tube resolution need not be as high as that 
with a low frame frequency. For example, a 150/see frame frequency with a tube 
resolution of 250 TV lines is equivalent to a, 10/sec frame frequency and 1000 TV 
lines. Since completely different frames at the rate of 144/sec are used in the Columbia 
Broadcasting System's sequential color system, and if scch a system can be shown to 
be directly analogous to the satellite's system, it may be well to consider a frame fre- 
quency of this magnitude. A frame frequency of 180/sec has also been used with some 
success by CBS. Assuming an SOO-mi scanning width and a 1000-TV-line tube resolu- 
tion, -it may be found that the 185-ft minimum resolvable surface dimension correspond- 
ing to 10/scc frame frequency can be reduced to 60 ft at 150/sec frequency. To retain 
the 10/sec frequency but increase the tube resolution would require, for 60-ft minimum 
resolvable surface dimensions, a tube resolution of 3000 lines. Thus it appears kigicai 
to increase the frame frequency to as high a value as possible, which seems to be'easier 
from a development standpoint than increasing the rube resolution. 

Resolution by Night 

Television reconnaissance from a satellite is possible by moonlight and even by the 
light of a moonless night sky, but it will require a camera of very large aperture. The 
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results wiU, in general, be far inferior to those attainable by day. 

The Image Orthicon type of pickup tube is the only one presently available which 
is sufficiently sensitive to permit operation under the low scene-brightness levels obtained 
at night, and-everi this tube will require am optical system of maximum light-gathering 
power. It is assumed that a, Schmidt camera of effective f number 0,7 will be about the 
fastest practical in this application. Such a camera will have a, physical aperture approxi- 
mately 50 per cent greater than its focal length and will therefore be a rather cumbersome 
piece of equipmeaL 

Assuming a pickup tube photocatbbde width u> of I in, the ratio F/ir for the largest 
practical nigratrrne camera wfll be about 20. For continuous coverage of a belt of surface 
800 mi wide from a satellite m a 350-mi-altrmde orbit, x. minimum frame frequency N 
of about 10/sec is required (see Eq, 14). 

The brightness of douds, or other high reflection surfaces, of albedo about 0.S 
witl average approximately 10- 1 ft-L during the second and third quarters of the moon 
and about 4 X I0"« ft-L by the light of the night sky. With an f/0.7 optical system, these 
brighmesses correspond to photocathode Hlnminatioos of 2 X 20-= and 8 X 10-* 
lumens/ftv resp e ctive ly. At these levels of illurnxaarioo, the quantum efftdency of an 
Image Ormicon ptcfcnp tnbeis, respectivcSy, about 5 X IQ" 3 ana 4 X 10-* (see Fig. 48). 

The size in feet of the smallest sarface dimension resolvable at sight by system 
possesslag the above parameters ; is readily calculated by means of Eqs. (3) and (7). 
App rox imate values of this quantity, B; are iaoalated in Table 13 as a function of scene 
contrast fb. various values of the limiting re^Ainon of (fie system; 

It.is evident that except for operarioa/againstscenes of high contrast illianinatA? by 
' brigiitmoonlight, the performance of the large mghttime camera is markedly inferior 
to that of the niudi analler daytime system and essentially independent of the limiting 
resolution of the -camera. This is due to the fact that under the low photocathode 
JUuminarion levels attainable at night and the correspondingly low quantum efficiencies 
of.tbe pickup tube, the ef fecSre resolution is generally much less than IMting. "Resolv- 
ing power is therefore determined largdy by scene contrast, frame frequency, and focal 
length. W1& the m a xirhu ni focal length of a large-aperture camera dictated by space 
considerations and with the minimum usable fame frequency determined by surface 
coverage requirements, nothing much can be done io improve performance other than* 
to increase the tube sensitivity at given light levels. As mentioned in Appendix L it is 
probable that an iris of the graded filter variety viU-be needed to control the photo- 
cathode illumination, since even in the daytime considerable range of light levels exists. ' 
Progress attained during recent years in increasing the quantum effidency of television 
pickup tubes at low pbotocathode illumination levels is indicated in Table 14, based on 
data given to the previously referenced paper by Rose.* 4 ** 

. It is cooduded that, pending the development of pickup tubes considerably more 
sensitive than Image OrthicoGS at low scene-brightnes.. ievsjs, Kighttime reconnaissance 
will be relatively impracticd. 
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Table 13 
SMAU£ST RESOLVABLE SURFACE DIMENSIONS RY NIGHT 



Coverage — Surface Belt 8 
(10/See Fnrne Frequency, 20-1 



Wide per Orbital Revolution 



f Moonlight (Secood *ad THrd Quarters) 
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Tebla 14 
QUANTUM EFFICIENCY OF VAKIOUS FICTUIE PICKUP DEVICES 



PbotoaUxjde 


Inuge 






hP 






koecxope. 


Ortfcicoo, 


Oithkoc. 


31 f {luraeaj/ft 1 ) 


1934 


1937 


1939 


I9« 


10"* 


10 -» 






5XIO- 










5X10- 1 


10 J 








2X10- 






8X10-' 


4X10- 


9X10- 


1 


\V 


8X10- 


4X10- 


BX10- 



Space, Weight, Tub* Complexity, end Power Requirements ef Camera 

Tht design and development of » long-lifetime, completely unattended (father than 
merely remotely controlled), space-borae television camera has never been attempted, 
and consequently there is no background of really pertinent experience upon which to 
base an estimate of the space, weight, and power requirements of a television camera 
for satellite reconnaissance. The order-cf-magnitude estimates of these quantities, shown 
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in the tabulation below, are essentially extrapolations from past experience with air- 
borne television cameras £nd with commercial remote-controlled pickup equipment, 
modified by allowances for possible improvements via subminiaturization and other new 
tethnKjues. It is presumed that the camera will incorporate an Image-Ortaicon-tTpe 
pickup tube having a photocathode approximately 1 in. square; a four-stage video ampli- 
fier; horizontal and vertical deflection oscillators and their associated circuitry; orthicon- 
and-kinescope-blanking pulse generators; synchronizing oscillator; and stabilized high- 
voltage supplies. It ts also presumed that the camera will have an f/10 optical system 
with a 2- to 6-in. effective aperture, Including an optical-scanning mechanism synchro- 
nized with the camera frame frequency. 

Qaiorities 

Weight 145 & 

Number of *mww3 n£i«. . . . --♦-.,. 25 

Power fear; (28 vaad 150-350 rttrc). 250«itB 

It is possible that a snail reduction in power required and z moderate redaction in the 
number of vacuum tubes can be effected by use of a, Vidicoa type of pickup tube. This 
tube is simpler in construction than the Image Orthicoa, with fewer high-voltage 
dettrcdes to be supplied and osnEroUsd. 

SATELUTE-TO-SUKFACE COMMUNICATION— OBLIQUE ORBIT 

Transmission Circuit Poramttus 

Information gathered by the sa t ell i te telerisioa camera may he transmitted via radio 
to a succession of strategically located ground stations. The required television trans- 
mitter output power is readily determined from the standard one-way propagation 



K = (r/NONFH-a/ = ~^. (23) 

where P r = received power, watts 

S'/N' ~ high-light signal-to-coise ratio, power [ = (S/N in voltage) * J 
NF = receiver-noise figure 
k st Bolfczmann constant, jau!«/°K 
T = absolute rxcivertonperature, °K 
A/ = receiver bandwidth, cycles/sec 
E = over-all efficiency 
P = transmitter power, watts 
G — gain of the transmitting antenna 
A = effective area of the receiving antenna, m s 
J? =s transmission range, m. 
Assuming circular pencil-beam antennas Jisving a -gain factor of about 0.6 for both 
transmission and reception and expressing the quantities G and A in terms of the 
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diameters cf the respective antennas, the propagation equation reduces t 



?<PB> _ 0.052B 5 (r/W)NFgA/ 



(24) 



where d = diameter of the satellite's antenna (transmitting), ft 

D = diameter of the ground station's antenna (receiviRg), ft 
X s= transmission wavelength, cm. 
For th- case of a 350-mi-zIdtude satellite, the maximum transmission range, corre- 
sponding to a minimum satellite elevation of 3° with respect to a ground station, is 
about 1400 statute mi, or 2.25 X 10 s m. The minimum acceptable high-light signal-to- 
noise ratio S'/N' (in power) is taken as 400:1 (equivalent to 20:1 S/N in voltage). 
A receiver noise figure of 20 is typical of good design ic the centimeter wavelength 
band. The numerical value of tT is approximately 4 X I0 -1 * joules at standard tem- 
perature. A receiver bandwidth of 5 X 10* cps is sufficient to permit transmission of 
information at 2 rate equivalent to that used in current commercial television practice 
with an ample allowance for Doppler shift of the carrier frequency due to the rzdiaj 
component of the orbital velocity of the satellite. An over-all efficiency of 0.25 allows 
for 2.5 db losses in both the transmitting and receiving systems plus a maximum of 
1 db in atmospheric attenuation. Substitution of these values Into the preceding ex- 
pression leads to 

Practical diameters of the satellite's transmitting 2nd the ground station's receiving 
antennas are about 1 ft and 16* ft, respectively. The minimum wavel«sg£h consistent 
with about 1 db atmospheric attenuatioa under moderately adverse weather cendirioos 
may be shown to be about 3 an. It follows that the recjuircd transmitter oospai power 
(peal: carrier power for 100 per cent modulation) is about 4.4 warts. 

The assumed and derived parameters of the television trznsmissioa circuit are tabu- 
lated bdow: 

Freqwacr 10^000 He {wwfcsgth, 3 an) 

Transmitter powe? , 4A wins 

Secenrer baactwHA 5 He 

Signal-to-fioise ratio (power) -400:1 

Total losses tS<0> 

Diameter 1ft 

Bcanmdth 15' (half-power) 

Ground station's receiving aatcaaa: 

Diameter 16 ft 

Rawer gain J3,A» 

Beamwidth 0.8* 

The reader is referred to Section II, pages 31 through 34, fcr a description of the 
antenna-tracking system. 
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Weight, Space, and Power Requirements of Transmission SyjHm 

Rough estimates of the space, weight, and power requirements of the satellite's elec 
ironic equipment, exclusive of the television camera, assuming intensive design an 
development effort, arc given in Tabic 15. 



Table 15 
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Volume 


Number of 
V*uum 
Tubes 


Tnnssutter-oodulatot 
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vapor absorption sod to Kai 
following figures for total 
wavelengths under various t 



sa Usable Frequency 
pcopjjailon losses due to oxygen and water* 
hf icandensed water d^op!ets ,M, lead to the 
?aesusEioQ, in db per kilometer, for various 
conditions (sec Table l<5). 
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Cloudbursts and tropical downpours (jniensity or the order of 100 mm/fcr} are fecal 
phenomena of short duration and infrequent occurrence. Rainfall is also, of goose 
localized in depth through the atmosphere. It is assumed therefore that total stfiScs- 
phcric arteni|Vtronjtti|||^|^p^^^o conditions of light rainfall (1 mm/hr) tre 
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mm 



w- 



the feast favorable which need be considered here. 

Molecular absorption and small-particle scattering result in purely additive losses. 
It can be shown that the attenuation of the actual atmosphere is reasonably well approxi- 
mated by that of a uniform atmosphere at standard temperature and pressure and about 
4.0 km thick. The total attenuation in db, ground station to satellite, is given by 



La = KCfW 



E -K eS in«) 



(25) 



where R E is the radius of the earth in kilometers, a is the angular elevation of the satellite 
in degrees, and K is the function of wavelength defined by tie numbers in the first 
and fourth columns of Table 16; this relation is plotted in Fig. 50. 
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It will be recalled that the choice of transmission frequency and the vulnerability of 
the satellite to enemy detection, tracking, monitoring, and interference were discussed 
in Section II. 



SATEUITE-TO-SURFACE COMMUNICATION— EQUATORIAL OR81T 

la fee case of 2 satellite in an oblique orbit, the direction of transmission from the 
satellite to a given ground receiving station is continuously varying in both angular 
coordinates. It was shown that it is necessary to use a steerable pencil-beam antenna 
with the satellite's television transmitter. White this antenna, can be made to have rela- 
tively high gain, thus minimizing the required transmitter output power and the si2e of 
the ground station's receiving antenna, the system has the disadvantage of requiring the 
additional complication of a tracking receiver, operating upon the signal from a beacon 
at the ground station, to maintain the axis of the antenna in the direction of the re- 
ceiving station. 

In the prdirninary stages of development of the satellite as a reconnaissance vehicle, 
it wili probably be convenient to employ an equatorial orbit in which the satellite will 
pass repeatedly over a string of ground stations spaced along the earths equator- In 
this case, the direction of transmission from satellite to a given ground station will vary 
substantially only in elevation, and it will be possible to use 2 fixed fan-beam transmit- 
ting antenna, having a pattern shaped to fit the orbit This will permit dispensing with 
the tracking receiver, the ground beacon, and other complications incident to the use of a 
steerable transmitting antenna. Problems involved in the design of a fixed antenna 
system for a satellite in a 400-mi-nign, circular, equatorial orbit are discussed in Ref. 56". 



APPENDIX 111 

INFRARED ENERGY AVAILABLE FOR GUIDING ON THE 
HORIZON AND YAW ERROR 05TEC71ON 



If two parallel infinite planes are separated by any distance whatever and one of them 
is radiating uniformly an energy £, per square centimeter, then this same amount of 
energy will be falling everywhere on the other plane. If the portion of the radiating 
plane that can be seen from a particular point oa the absorbing plane is reduced from 
the solid angle 2s steradians to fi steradians, then -the energy received at this point will 
be J^O/2-. figure 51 shows a lens of area. A, forming an image of area, a, of a portion 
of z plane surface subtending a solid angle, O. This surface is radiating energy at the 
rate of £(, watts per square centimeter. By the above reasoning, the amount being 
tra nsm itted by the lens to the area, a, is 
/!£o(Q/2:r). Except for absorption, all this 
energy is spread uniformly over the area, a, 
in the focal plane (for small angular fields). 
Therefore, the energy density in the focal 
plane is (A/*)E,(Q/2x). If D is the diame- 
ter of the lens and d is the diameter of the 
image (assuming it is areolar), then the 
energy density in the image is: 

*=£*£• (*) 

If 8 is the angular field of the lens, then for small values of (10° or less), within 




ind for small angles, 



0B 4 S 
By substituting (27) and (28) into (26), 



YAW ERROR DETECTION 

Since the horizon is symmetrical with respect to the vehicle's yaw axis, guiding c 
the horizon cannot be used for yaw error detection. In an earlier RAND ^eport, ,l0, 
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device was proposed that would use the 
techniques of molecular beam detection to 
measure the angle of attack in yaw. Some 
recent theoretical and experimental investi- 
gaiioas (K, • ,i,, have produced a simple and 
reliable device that is applicable to this 
idem. The sensitive dement is a short tube which is opes at one end and has 2 bulb 
or reservoir it the other (as shown in the sketch). This bulb or reservoir cart be the 
envelope of an iccizarioa. gauge. The molecular beam is produced by an opening in the 
skin of the vehicle on the forward part. Since the incident beam is roughly collimated 
by the high forward velocity of the v*bide, the mdecules suffer fewer reflections from 
the side of the tube oo the way into the reservoir than they do as they emerge. Hence 
there is an increase in pressor produced in the reservoir owing to the presence of the 
tube. It has been shown ,K> that for values of t/r of 100 (see sketch), the pressure in 
tm reservoir is increased over the dynamic pressure produced by a. factor of 350 when 
the air stream impinges on the open ene of the tube. Subsequent experimental work' 1 " 
has confirmed the theoretical results of the earlier mvestigarioa {sr> and has yielded the 
additional information that for values of L/r of ICO, the syste m has z time constant of 
about 13 sec If the tube were set with its axis parallel to me Ioruj^tadioal axis of the 
vehicle, the pressure would be maximum, but the sensitivity to error in yaw would be 
vanjshingly smalt If the cube is perpendicular to the direction of motion, the sensitivity 
is man'mam, but the pressure is zero. la general, if 8 is the angle between the directioo 
of motion and the axis of the tube, then the component of the dynamic pressure that 

P = KP D axe, 

where P D is tbe.total dynamic pressure and K is the pressure amplification ca u sed by the 
tube. If the vehide yaws slightly, the change in this component (the quantity to be 
measured) is 

dP=-KP a aa8d8. 

In Ref. 58, dP, the rninimurn detectable increment in pressure in a laboratory setup, 
is stated to he 8 X 10- W rmri of mercury. To ensure an adequate signal-to-noise ratio and 
to make allowance for the fact that fine adjustments are not possible after the vehide is 
launched, a value 100 times larger than this will be used, Le^ 8 X lO* 6 mm. By using 
the least favorable atmospheric mode!, the dynamic pressure on a 350-mi-aItitude orbit 
will be 1.4 X 10^ mm, and on a 500-mi-altitude orbit, 6 X I0-» mm. The least detect- 
able change in yaw is then 

w ._ -& 
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Setting the tube at 45°, 

siaB = 0.7 
dP = 8 X !<H 
P D = 1-4 X 10-- 
K = 550, 
which gives d8 = 0.13° for the 550-mi orbit For the 500-mi orbit and its least favor- 
able atmospheric mode!, d& = 3°. 

Because of time lags En 2 servo system, it b never possible to position the controlled 
member as accurately as its error can be measured. Since the half-power beamwidth of 
the antenna will be of the order of 2°. this error Is too Urge, and some complications in 
the molecular beam detector must be introduced to increase its sensmvay to angular 
devizdons. For instance, if the entrance to the tube is set back fax enough inside the 
vehicle behind a hole tn the skin, the simple cos 8 law no longer applies, and increased 
sensitivity to yaw errors could be obtained. 
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APPENDIX IV 

EQUATIONS OF MOTION FOR THE SATELLITE'S 

ATTITUDE-CONTROL FLYWHEELS 



Two systems for effecting satellite attitude control, ooe using the principle of the 

precession of gyroscopes and the other that of the angular momentum of flywheels, 

were discussed in Section III. Analysis of the equations of motion pertaining to the 

gyro system were presented in detail in Ref. 17. To our knowledge, however, go prior 

investigation hss been nude for the flywheel system, which is therefore presented here. 

The coordinate system used is fixed in the vehicle: positive x direction, forward; 

positive j, to the starboard; positive 2, downward- The following notation will be used: 

P = angular mocnenaim of vehicle with respect to an mertial reference system, 

M = the control momentum applied to the vehicle, 

a = the angular velocity of the vehicle with respect to an tnertial reference 

The equation relating P and M cm he resolved into components in the vdiirf ; axis 
system if alio^-ance is nude for the variation of the direction of the axes with time: 

M = § ^W + Pj + PJO 



A ' * At . * Jl ' = dt 

- 'iir '• + ¥ J + tt k x a x w + p -i + PM - 






= roll angle 
= pitch angle 
= 7*" angle; 



a = ./i + «3 + ^k 

a x i = *5 - n 

S2 X k = «1 - cj/j . 
> (30) and equating components: 
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Assuming that the principal axes of it 



P, = ImJ 1 , -£■ - W 

p (32), the expressions for the morr 



arc parallel to the chosen coordin 



(33) 

> the vehide 



M x = i u &r — (/« - in)*?' 

^=/«e — (/„-/„)*V 

^ = /„#" - (/« - /k)^. (M) 

The equations; of motioa of the flywheels will be set up ia the same coordinate system. 
The flywheel whose ans is parallel to the roll sis of the vehicle "yfll be oiled the 
poUflywheet Its aognlar Cecity wfth respect to the vehide will be designated «,; the 
constraiaj of its bearings *tB force & to have the same wigiuar velocity as fee vehide 
En pitch aod-yaw eo/ial respectively to & indf. Similar consideratioas apply to what 
may be called the pitch and yaw flywheels. The augular velocity of the pitch flywheel 
with respect to the vehide b ^; that of the yaw flywheel, •!, hi tabular form: 
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By as exactly similar analysis as that gone through for the vehicle, the ecjuations for 
te roll flywheel are: 

M u = /„(>" + «D - (f„ - 1„)6V 

«„ = f„r - (/„ - /„)(«/.+ «■)«'; (35*) 
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for the pitch flywheel, 

/M„ = l.rf' - (/_ - /„) (8' + »,)? 
M a = 7-.(8" + o!) - (/,, - /,,)(5V 
«,_. = /„.!'" -(/„-/„),/(<>' + .,); (35;) 

2nd for the yaw flywheel, 

*« = '„?" ~ (/» " /«)*(f + -0 

M K = I„(f + ^) - (/„ - /k)^. (35z) 

If the flywheels were free in space and the moments on the left-hand side of these 
equations were applied, the resulting change in motion of the flywheels would be given 
fay the other side of these equations. On the other hand, if the motions are assigned, as 
is the case with the flywheels since they are constrained to have the same motion *s the 
vehicle about two axes, the moments resulting from these motions can be computed. 
These computed moments, of course, will be the negative of the moments imposed on 
the vefud* by the flywheels, i.e, 

M. = ~CM^ + M^ 4- M^) 
M, = — (M„ + M„ 4- M^) 
M; = ~{M^ -f Ai = 4- M^) . (3*) 

Substituting (35r), (35y), (35z), and (54) Into (36) and rearranging terms. 

/ w «; ~ -/* l? " 4- {/„ - i**WV + (/» - /=)#'-= + (J** - /»)*v> 
/^ = -v> + (J„ - l Mx w<? 4- (/** - l«W-* + (*„ - l n W<H 

1**Z = -'«*" + ('« - ImxWV + (/„ - f^-, + (J =1 - i^)^ (37) 

hi writing Eq. (37), ft is assumed that the moments of inertia of the vehicle include 
the moments of inertia of the flywheels. Forinstance, 

/jr* a {« 4- / u 4- /„ + /,.. 

A slight simptffication occurs if fee vehicle's yaw. and pitch moments of inertia are 
assumed to be equal in the first equation of (37). The terms on the left-hand side 
of (37) are the moments applied to the flywheels to diange their spin with respect to 
the vehicle, and these may be called the control moments. 

These equations are exact, holding true for large angular velocities. The difficulty 
with them is that their application would require, in addition to nine sums, nine products 
to be taken in a computer in the vehicle. This would require much circuitry and thus 
power consumed in heating filaments of electron tubes. Furthermore, the results so 
obtained probably would be more accurate than is necessary. 

linearization of these equations is therefore indicated. The only quantity which is 
assumed to have nonzero steady-state values is the angular velocity* of the vehicle, 6. 

•The angular velocity of 
became the tngular velocity c 
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The linearized equations are: 

AX - - W + ('« ~ I*) 6 '**, 

Qi ~ - W' + U*x - '.zW + ('» - /«)*H- (38) 

The number of additions has been reduced to four, and there remain no multiplica- 
tions of variables except By constants. 

In order that the vehicle may have a suitable response to a correction in altitude, ^ocie 
control proportional to the error and the tine rate of change of error must be included 
m the computer. A control function accomplishing this could have the following form: 




If each equation of (3S) is divided by the moment of inertia of the vehide used in 
that equation and (39) is substituted mto (38), tbe motion of the vehicle is seen to be 
described by a second order system in. each degree of freedom: 

#"+26^ + 4* = 0. 

In each eolation, X/Cy, is the response tune, a; is the radian frequency with 
which the system would oscillate if therewereno damping, and &- is tbe damping ratio. 

Tbe damping ratio chosen is 0.8, and for She lack of any suitable criterion, a response 
time of I min was chosen as being an easily realizable quantity requiring little power, 
since tt is probable that no sharp disturbances will be felt hf the satellite. Hence, 

-=<urho -*•»-*»* 

The- moments of inertia of the 1000-lb-payIoad satellite vehicle are: 

In = ill slug ft* 

14, = /*= 1075 slog ft*. 

The ratio. of the moments of tnerba of the roll and pitch flywheels about their spin 
axes a token in the same manner as the ratio of the vehicle's moment of inertia in roll 
to its moment of inertia in pitch or yaw, i.e., 



The absolute values arbitrarily adopted a 



The moments applied to the flywheels, then, arc: 

M = *c 3.73<^ 4- 4.90 X 10-*? 4- 631 X 10-V, 

M, = 3628* + 0.4759 

M x = 3&2? + 0.475^ + 6.31 X lO"*^ . (40) 

For the same damping ra^s. She coefficients of 9*, &, and ]f w *& var J inversely as 
the required response time. TJssi b, if the lespcnse were Ko "i io, the coefficients 
would be ten tones iUrger. Mo&s&sz* the coefficients of 9, S t and f wSl vary inversely 
as the square root of the response tssss. 

Tee moments of inertia of the c&cirol flywheels about axes perpendicular to their 
axes of symmetry have been taken as half their moments of ioerta about their arts of 
symmetry. This is fairiy accurate for something built to the proportions if a hoop, which 
is the roost desirable shape for the flywheels because it gives the mzxmum moment of 
inertia for zgtvea mass. 
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APPENDIX V 
AUXILIARY POWERPIANT ANALYSIS AND VARIATIONS 



The purpose of this appendix is to examine in greater detail certain aspects of the 
two powerplants discussed in the body of tlie report, to evaluate several interesting 
variations thereof, ind to consider o*her possible types of powerplants as well as other 
fuel sources. 

la addition to the various familiar ways of obtaining electrical energy from conven- 
tional devices, there are also a number of other means, of unconventional nature, for 
producing e£eaxirity. Figure 52 illustrates many of these power-producing processes. 




Fig. 52 — Possible processes for obtaining satellite electrical supply 

Since one of the most severe constraints on the satellite's generating plant is that it 
must produce the required power — 5000 kw-hr for the 1-year period — within an over-all 
weight limitation for both fuel and machinery of 250 lb, it can readily be shown that on 
the basis of fuel weight alone, most stored forms of energy will be unsuitable for this 
application. Even where the most economical conversion device is considered, til forms 
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of energy, except nuclear energy and solar heat, require fuel weights far in excess of 
acceptable values for the satellite. 

Review of Fig. 52 shows that solar radiation, radioactive emission, and nuclear fission 
can be' used to produce heat energy for subsequent conversion to electrical energy. Also, 
any of the three could operate a photovoltaic g ene ra tor. The two nuclear fuels produce 
ions,* which could conceivably be employed with some form of a collector, such as a 
cloud chamber, to produce electricity directly. Another means for producing electrical 
energy from nudear fission is a thermomagnetJc generator. 

The ion collector and photovoltaic generator will be dropped from further consider- 
ation because of a complete lack of knowledge regarding their capabilities of producing 
power in appreciable cjuantities." All die remaining systems — dectromechar.ical. electro- 
static, tlttrmoelectric, aad tfaexmomagncric generators— employ beat energy and thus can 
be classified as heat engines. 

THE HEAT ENGINE 

The term heat engine as used here is defined as any system employing heat as an energy 
source and producing useful work in the form of either mechanical energy or electridty. 
A beat engine thus incorporates a beat source and a device for extracting useful work 
from the beat energy. In addition, there, mast always be a beat sink, or cooler, in the 
system; although this is a wdl-known postulate of thermodynamics, it is desirable to 
restate it here because of its espedal pertinence to the satellite. 

Thermodynamics also furnishes the knowledge of the maximum efficiency of any 
heat engine, namely, that of the ideal Carnot cycle. This can be stated in the follow- 
ing form: 
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where ij t „ is the maximum efficiency of the heat engine, Q M is the heat supplied by the 
heat source, and Q r is the heat removed by the heat sink. A direct result of this theorem 
is an alternate form: 



_T,-T r 



(414) 



where T, and T r are the respective temperatures in °R of the heat source and sink. 

An actual heat engine has a lower efficiency than the ideal one because losses occur 
in the work-extraction device. Very few heat engines used for producing electridty, 
. particularly in small sizes, operate at an over-all efficiency of more than 10 per cent. 

It is thus apparent that the problem of supplying 5000 kw-hr of electrical energy has 
devolved not only to that of supplying ten or more times this amount of heat energy, but 
also to that of dissipating nearly as much heat as is supplied. Consequently, some further 
remarks about the energy source and the heat sink are in order. 

* for -example. alpha particles are quite heavy, are positively charged, and lose energy by the 
formation of ioo pain as they piss through a material. The ion pairs are formed bf excitation of 
bound electrons in the material, which arc stripped off the atoms and thereby form ions. 
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THE ENEXGY SOURCE 

Major consideration must be given to the nuclear source of energy. This could be 
either a fast reactor of uranium 235 or a radioisotope having the appropriate half life. 

The nuclear reactor has the advantage of a long lifetime and thus could motivate the 
satellite equipment as long as the vehicle remained aloft in a useful capacity. Further, the 
reactor can be tested on the ground and then "shut down" by means of controls until 
tune for use m the vehicle, thereby reducing handling problems. Two main deterrents 
are seen in the use of the reactor. The first is, of course, the strategic nature of U** 8 . 
The second is die inherent difficulty of controlling the reactor at high temperatures. 
Reactor-energized powerplants have been operated at temperatures low enough so that 
water can be used as a moderator. Unfortunately, such a low-temperature regime is of 
little value in the satellite because temperatures required will be of the order of I000°F 
or higher; it could well be that it would be impossible to control a reactor at such tem- 
peratures- The use of a radioisotope at these temperatures, however, is believed to be a 
straightforward problem, since they can be used in a molten form or alloyed with metals 
of the appropriate (higher) melting points. 

As stated m the body of the report, the radioactive fuels would probably be ruthenium 
106 or cerium 144, both beta, emitters, which have half lives of 1 year and 275 days, 
respectively. A short-period satellite rnight conceivably use strontium 89, which has a 
half life of 55 days. The radioactive fads bat the advantage of being by-products of 
nuclear piles and thus have a lower mflitary priority than U 113 - There appears to be an 
ample supply on hand in p3e wastes, although a complexity exists in the handling 2nd 
separarioa of these fuels from the waste products. Further, the exponenba! decay cannot 
be halted; every day lost between separation of the fueis and their use in the satellite 
causes an additional depletion of the separated supply. 

Because of the collection and utilization problems, solar energy* will be discussed 
later as a specific energy converter, rather than as a separate, padcageable energy source. 

THE HEAT SINK 

' It has been noted that the over-all efficiency and even feasibility of the satellite's 
auxiliary powerplant depend on the temperature at which excess heat must be dissipated, 
that the normal difficulties encountered in disposing of waste heat from the engine are 
accentuated in the satellite, and that radiation from the skin of the vehicle must be used 
since there is no appreciable atmosphere and there «re no convection currents to carry 
away this waste energy. 

• In addition to soler bat, 1 further supply of energy exists in the upper atmosphere — ■ 
by-product of the sun's radiation ia the form of dissociated atom, of oxygen and nitrogen, which 
ue present at altitudes grater than 60 rai above the earth. Collecting a Dumber of these nascent 

enhances the probability of a three-body collision and thus the- release of potential energy of asso- 
ciation, which is of the order of 4 to 7 koU/mole. However, at the altitudes where the satellite his 
a useful duration, it U probable that not enough atoms can be collected per unit nine to produce a 
useful amount of exfgf. 
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Thus a limit is set on die total amount of heat that can be dissipated at any given 
temperature. Further, the lower the skin temperature, the less the over-all amount of 
waste heat that can be accommodated, as shown in Kg. 53 where the total amount of 
heat that can be dissipated by radiation from the 1000-Ib-payload satellite is given as a 
function of skin temperature for both darkness and full sunlight cases* when (1) the 
entire satellite skin is used and (2) when the lower half only (toward the earth) is 
employed. Those sections of the satellite skin having negative heat rejection — i-e^ receiv- 

* The 3}p-mi-orf)itil-»lutudc satellite alternates between 45-mio periods of darkness and sunlight. 
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ing more heat from the sun than is being reradiated— are assumed to be cut out of the 
system. Study of the figure reveals that for the daylight case and skin temperatures of 
about 200°F or lower, virtually no benefit accrues in using the upper half of the satellite 
skin. Rather, if the powerplant operates continuously at constant output, it is advan- 
tageous to utilize only the bottom portion of the satellite surface where the conditions for 
heat rejection axe nearly constant. 

For a given amount of power required, there is a unique value of the skin tem- 
perature which allows production of this power at greatest efficiency. If the energy 
converter part of the heat engine is too inefficient or if the power production require- 
ments are too high, then no solution exists and the powerplant cannot feasibly produce 
the power required of it. 

As an illustration, consider the 500-watt gas engine, described in Section IV (page 
59), where 20,000 Btu/hr are dissipated at a skin temperature of i60°F by using the 
earth-side half of the satellite skis under full sunlight. If a 1500-watt output powerplant 
of a similar type is demanded, 60,000 Btu/hr would have to be disposed of if tht same 
efficiency could be maintained. It can be seen from Kg. 53 that 340°F, corresponding 
to a bottom cyde temperature of 380°F, is now the minimum allowable skin temperature. 
The thermal efficiency of the cyde with this assumed bottom temperature is reduced 
from 58.8 per cent to 47.5 per cent, which means that 23.6 per cent more beat input 
(and thus heat disposal) is necessary. Corresponding to 380°F skin temperature and 
420°F bottom cycle temperature, 74,000 Btu/hr now have to be dissipated. Carrying this 
iterative process to a solution yields a skin temperature of 400°F (a bottom cycle tem- 
perature of 440°F), and 80,500 Btu/hr have to be dissipated— one-third more than 
would be indicated on an equivalent efficiency basis. 

It is readily seen that a minor change in the engine-cydc effidency, or sa increase to, 
say, 2500-waft powerplant, would result in z low cyde temperature requirement incom- 
patible with the heat to be dissipated, lie examples of increased power are presented 
for illustrative purposes only and to indicate the rather sensitive relationships involved. 

The mechanisms by which the waste heat is transferred from the 500-watt gas engine 
to the lower skin of the satellite have been described briefly in the text. The capillary 
tubes, through which the NaK solution is force-fed from the cold zone of the engine to 
the skin, axe fabricated from 2S aluminum; a tube wall thickness of 0.005 in. is adequate 
for the 800 psi pressure. The 400 ft of tubing weighs 8 lb, and the NaK solution, 2 lb. 
Hie 0.002-in. copper flashing, installed between the tubes and the heat-radiating part of 
the inner skin to fadlitate heat conduction normal to the tubes, weighs about 10 lb and 
causes an average temperature rise of 5°F from the skin to the tubes. 

Grculating the NaK through the tubes at 10 ft/sec velocity requires a 10.3-watt pump 
weighing about 2 lb. At this flow rate, the temperature rise through the tubes is 20°F. 
A further temperature gradient of about 15°F is necessary between the NaK and the 
cold portion of the engine cylinder. Thus the over-all temperature rise between the skin 
and the engine cylinder is 40°F, giving the low-end cyde temperature of 200°F. This 
temperature rise is accomplished with a 25-Ib cooling system, including, in addition to 
the aforementioned items, 2 lb of valves and fittings and 1 lb of heat-conducting glue 
for cementing the tubes to the copper sheath. 
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During darkness. the heat-rejection system is more efficient, being about 10° colder 
than the full sunlight value. This means about a I3°F drop in temperature because the 
cycle efficiency is simultaneously improved, yielding s skin temperature of I47°F and a 
minimum temperature of I52°F in the tubes; these are -well above the 65°F melting 
point of the NalC 

THE GAS ENGINE WITH A IATTERY 

At this point ft is desirable to digress to determine if any improvement can be gained 
by adding a battery in the cyde. During periods of darkness, the electrical System remains 
on, but no pictures are being transmitted. Hence the nighttime electrical power require- 
ments are about 40 per cent (200 wans) of those during the daytime. By assuming thai 
346 watts and 354 warts, respectively, are produced during alternate 45-mih day and 
night periods, ft cao be shewn that the system requires a 24-voIt, 4.75-amp-hx battery 
which, by present-aircraft standards, would weigh 10.7 lb. The appropriate engine would 
then be about 70 per cent as large as that for the system without such a battery, and the 
corresponding beat input would be roughly two-thirds; the corresponding skin tem- 
peratures would be 100°F during the "day" and 90°F at "night." 

Thus the eapedient of adding s small storage battery to the system has interesting 
possibilities, not only for the gascycle engine, but also for the vapor-cyde engine. Tend- 
ing to counterbalance the potential gains are the attendant difficulties in developing a 
battery for operation in the satellites environment for a year; however, there are some 
new types of batteries^-nickei-cadmium and silver-alkaline — which might suffice. This 
problem certainly warrants further investigariaa. 

THE SOLAR POWERPtANT 

The possibility of utilizing solar energy and thus obviating the employment of a 
nuclear fuel is intriguing. The solar powerplant system, per se, is visualized as being 
comprised of one of the previously described beat engtne-gcnerator-cooling systems in 
combination with appropriate means both for collecting the Sun's heat and for storing a 
portion thereof for nighttime operation. 

The principal difficulty in harnessing the sun's energy lies in focusing its rays on a 
receiver, for the collection device is more complex than would appear by casual obser- 
vation. Reference to fig. 54 reveals that collection of the sun's heat directly from the 
satellite skin is unsuitable. For example, if the collection temperature were 240°F (only 
40°F above thcbbltotir cycle temperature and therefore obviously impractical), 14,000 
Btu/hr would be available to the 1000-lb-payIoad satellite in full sunlight; this is the 
maximum amount of energy which could be collected directly, yet it is still less than half 
of that which would be needed if the collection temperature were I300°F (100° above 
the appropriate top cycle temperature). Consider now the reduction of the skin's col- 
lection area to just that directly under the sun's rays. At 540°F, still too low to be 
commensurate with a reasonable top temperature, the heat received is even now only 
2500 Btu/hr, or one-tenth of the required energy. 
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If a lens could be built into the satellite's hull such thittbs sun's rays could be focused 
on a receiver of appropriate dimensions, then a more reasonable collection temperaiure 
could be realized. By focusing the rays through 80 ft- of projected area of lens material, 
virtually the entire projected area* of the satellite, upon £ ft= of black plate, 28,000 
Bcu/hr could be collected at a. temperature of I220°F. If 20,000 Btu/hr ire used directly 
for the sunlit operation and 8000 Btu/hr are stored for operation during the 45-min dark 
periods, the engine should run continuously. Accumulation of 8000 Btu/hr X 45 min = 
6000 Bru to be stored; this can be accomplished by use of 36 lb of aluminum, whose 
melting point is 1220°F and heat of fusion is 167.5 Btu/lb. 

Under nighttime conditions, the engine would be operating under lowered top and 
bottom cycle temperatures, and its efficiency would therefore be higher than in daytime. 
The changing requirements would have little effect on the engine and could be handled 
without difficulty by an engine governor. 

However, the arrangement whereby all available solar energy is converted into power 
as it is received, but part of the power is stored in a battery, means not only that the heat 



i#* , -*^6i.jr&&^ 



engine has to be shut down on alternate 45 min, but also that the engine itself would 
have to be 40 per cent larger. This arrangement is unsuitable from the standpoint of 
reliability if not of weight. 

As stated, the predominant difficulty in x solar powerplant is that of devising a 
transparent lens which will focus on the receiver and still be able to withstand the 
environment during the satellite-boosting period. Development of a satisfactory lens 
structure is the only real impediment to the use of solar energy. A serrated-type lens 
would be desirable since it could be formed around any arbitrary shape and thus could 
be built into the satellite skin. Farther, a fixed focus arrangement could be employed 
because the vehicle itself could always be orientated toward the sun by using a simple 
sun-seeker to operate the pitch and roll controls; in this case, die television scanning 
system would have to be moved m relation to the vehicle so that it would point in proper 
fashion toward the earth. 

If any significant portion of the satellite skin is a transparent substance, it must be 
able to withstand the temperatures and the temperature stresses experienced during the 
satellite's ascent. Glass might be made to conform to such requirements but would be 
quite heavy in relation to the 0-20-in. stainless steel presently inte .-d for the satellite 
skin. Use of a Yycor* lens, 3is-in. thick, would require an crrer-all powerplant weight 
increase of 1000 lb. Another problem is that of rearranging the fuel tanks, etc, within 
the vehicle so that these components will not interfere with the directed rap of the sun. 

For these reasons, as well as because of the more promising possibilities of the 
nuclear fuels, further study of me use of solar energy ts not contemplated at mis rime. 

THE THERMOELECTRIC GENERATOR 

The thermoelectric gen e rator is a thermocouple vtth the hot junction at the heat 
source and the cold junction at the heat sink. The efficiency of energy conversion is 
about 4 per cent at best. By using the cycle temperatures corresponding to those of the 
gas engine, a 2.4 per cent over-all efficiency results; in this case, 20 kw of energy must 
be dissipated, requiring z skin temperature of over 400°F. Thus an output of approxi- 
mately 100 watts is all mat can be expected from this converter. Actually, a. 4 per cent 
conversion efficiency is based ou a combination of metals having a tendency to diffuse 
into one another, resulting in a shortened lifetime. If a more durable combination is 
used, the efficiencies are even less, and the foregoing remarks indicate that not much 
useful rower can be anticipated. 

THE THERMOMAGNETIC GENERATOR 

The thermomagnetic generator consists of a closed magnetic circuit having a definite 
polarity (fixed magnetomotive force such as that supplied by a permanent magnet) and a 
means for varying the magnetic flux in -the circuit. An example of sucb a device is a 
material having a large magnetic permeability change with temperature variation (e.g., 
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soft iron shifting from a face-centered to a body-centered crystal structure) which is 
alternately heated and cooled. A solcnoidal coil is placed about the magnetic circuit so 
that the changing flux produces an electrical current. " 

One proposal for a thenriomagnetic generator makes use of a fission "jump" process. 
The soft iron core of the magnetic circuit and the rotating block are impregnated with 
fissionable material. When the block is rotated into proximity with the iron core, the 
increase in neutrons causes a sudden input of heat into the iron core and a. c h a n ge in its 
permeability. For the remainder of the rotating cycle, cooling is effected by a circu- 
lating heat-transfer fluid. 

The input of heat causes surges of electrical energy similar to the output of a half-wave 
rectifier. The only moving parts of the proposed tbermomagnetic gcneraEir are the 
wheel containing the fission block, the wheel's motor drive, and the electrically operated 
circulating pump for the heat-transfer fluid. 

To increase the sharpness of the heat pulses and thus the efficiency of the eyde, it 
may be possible to introduce 2 Quenching device, such a.' an adiabatic demagnerizarion 
process; this device would produce an alternating current. 

The thermoniagnetic generator will have to be analyzed further, not only to deter- 
mine its weight, size, and power characteristics, but also to study the possible structural 
deterioration which might be caused by neutron bombardment. 
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APPENDIX VI 
A SIMPLE FAILURE MODEL FOR LONG-LIFE TUBES 



INTRODUCTORY REMARKS 

It is desired to estimate the approximate level of electronic reliability » be expected 
in the satellite vehicle if performance equivalent to that of the test present-day electronic 
equipment manufacture and use %-ere realized. To do this requires data for the un- 
attended operation of very reliable equipment over a period of time comparable with 
that required of the satellite. 

The data most nearly meeting both this requirement and that of providing z statistically 
large sample are presented in the text under "Bell Telephone Equipment Data" on 
page 67. These data, which represent tubes in continuous use in telephone bay equip- 
ment, indicate a tube reliability several orders of magnitude higher than any achieved 
elsewhere. Since the tubes were inspected at 3-month in te rv a ls and the marginal tubes 
replaced, the data, cuutoc be applied directly to the reliability prediction for z years 
operation of the satellite; however, z model based on the data, and reasonably descriptive 
of the underlying phenomena, may be used for this purpose. Such x model is described 
subsequently. 

The model is based oo the idea, that tubes, on inspection, are rejected or accepted on 
the basis of certain measured physical characteristics (plate current, grid voltage, trans- 
conductance, etc) lying within predetermined limits. These limits are ascertained from 
long experience with the tube and from -familiarity with its required functions. Thus, to 
be realistic, a model should consider several tube characteristics, each of which has im- 
posed on it z stt of inspection selection limits. This is not passible with the present 
data, however, since the rejections are not separated by type. Therefore, z single variable 
is used. Although the resulting model is an oversimplification, it provides an estimate 
which is probably correct in order of magnitude. 

FAILURE MODEL 

1. Consider ^ characteristic x of tubes which is measured quarterly. A tube is rejected 
if its * > x or jc < — x a ; It, x is used as an acceptance criterion, and the acceptance 
interval* is ( — x m x a ). Assume x is normally distributed and is represented in units such 
that the mean is zero and the standard deviation is <r = I, Tube failure during operation 
is determined by x's lying outside the interval (— x {7 x f ). Of course, x < x t . 

2. Six thousand tubes arc inspected quarterly over a period of a year. At each in- 
spection, an average of 90 tubes (1.5 per cent) is rejected as being outside the acceptance 



interval. These are replaced by good tubes. During each period, no tubes are found to 
lie outside the failure interval (— */,x/). i.c, no tubes hive failed. 

3. From (2) it is seen that, concerning selected tubes operating over a 3-month 
period, four samples of six thousand observations each have been taken in which no 
failures have occurred. Since m k large, the variable (x — wg>)/V«£(I — q) has a 
distribution which approximates the normal distribution with mean zero and standard 
deviation one; here x is the observed number of tube failures, a is the number of trials, 
and q is the probability of tube failure during the 3 months of operation. Further, since 
95 per cent of the values of a normal vitiate lie within -±2a of the mean, and since 
-v ~ and » = 24,000, 

j 24000y | 

|V24000fl(l— q}~ 2 j 
ozq < 1/6000, with 95 per cent confidence. 

4. Consider the group of tubes after selection which are just starring operation during 
the first 5-month period. From the assumption of a normsl distribution of the char- 
acteristic x for unselected tubes, the tubes after selection wul exhibit a distribution similar 
to the normal, but truncated in that the tails containing the x's lying outside the interval 
( —x„xj) have been folded back into the body (bad tubes are replaced by good ones) : 



The figure is somewhat exaggerated, as the tails which have been, folded back represent 
only 1.5 per cent of the total During the 5 months of operation, the x's diffuse m some 
manner (i.e, the tube characteristics deteriorate) such that at the end of that time, 
1 .5 per cent of the tubes have an x lying outside the interval (-x x,) but none has an x 
lying outside (— xj.jcy). If h is assumed that the distribution of the ar's at the end of 
the >raoniB. period is approximately normal wlib a mean of zero and a = I — this is 
reasonable since the fraction of x's lying outside (— x^x,,) is the same 25 that in the 
original unselected group, which was already assumed normal in (I) — then the limits 
x and .r f must be Such that 



= 0.015 



l-pf{x)dx = 



(42) 



This follows from (2) znd (3). From these expressions, it is found that x = 2.43 
and that x r > 3.76; the lower limit 3.76 leads to the most failures and will be used in 
the following argument. 

5. Actually, the tubes lying outside the acceptance criterion were replaced at the end 
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of the first 3 months" operation (and, indeed, at the end of each subsequent 5-month 
period). The question now is what might have happened to the group of tubes if no 
replacements had been made for a year. Evidently the tube characteristics would continue 
to diffuse in some unknown manner, but in such a way that no more than 1.5 per cent 
of the x's would pass outside the fixed interval (— Xo,x a ) during any 3-moath period. 
The vital question is, of course, what fraction of those x's passing outside (~-.XoA>) also 
pass outside the interval ( — x r ,Xf) before the year is up. The upper limit for this 
fraction is % and would obtalo if each tube having aa x outside (— *m x o) at &c end of 
one quarter would fail during the next quarter; this would result in 4.5 per cent failures 
at the end of the year. The x-distributioa for this situation would have an extraordinarih- 
high ratio of x's beyond the range (— x,,x,y as compared with those in the intervals 
(-— Xj, —x B ) and (x<»Xf) and is not representative of the smooth spreading of the 
characteristic x which would appear to take place in slowly changing long-lived tubes. 
A more reasonable assumption is that the end distribution cart again be represented by a 
smooth normal curve with mean zero and standard deviation such thzt the proportion of 
x's lying outside (— x^Xo) is 6 per cent of the total. The <r so determined is <r = 1.29. 
From this, the expected fraction of tubes lying outside (— x t ,x t ) at the end of a year 

6. Applying this to a group of 100 tubes (eg., satellite equipment), the expected 
number of failures is 036, and the probability of no failure is <*-"*; or 70 per cent for 
1 year's operation.* 
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